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Abstract

Acoustofluidic technologies, the integration of acoustics into microfluidics, offer
rich possibilities for particle manipulation in life sciences. One promising aspect of these
technologies is acoustic micro-vortex steaming, resulting from the energy dissipation of
acoustics into fluids. There are two opposing directions for the development of micro-
vortex steaming: the first one is increasing rotational flow to enhance microscale fluid
motion for laminar fluid mixing and capture of biological particles; the other is
suppressing rotational flow to create stable acoustic pressure fields for particle patterning,
deflection and separation. Although these developments have demonstrated success in
microfluidic mixing and cell separation, their ability to realize nanoparticle separation and
precisely control fluid mixing, particularly for viscous samples, multi-fluids, and
sequential fluids, remains limited. In this dissertation, we target at expanding micro-
vortex streaming based acoustofluidic technologies by addressing the existed
technological hurdles and introducing new physical concept of topological insulator.

To this end, we first developed a sharp edge based acoustofluidic micromixer that
enables robust and strong mixing. Robust, efficient, and strong mixing in
microfluidics is essential to viscous biological sample preparation. Inspired by the
concept that the energy band of phononic crystals depends strongly on their

structure height and substrate thickness, we maximized micro-vortex streaming via
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rational design of the microchamber and glass substrate thickness. The device is
able to not only mix fluids across a wide range of flow rates up to 150 uL min™, but
also process fluids with viscosities to 95.9 mPa.s. Using this strong micro-vortex
streaming, we were able to realize on-chip liquefaction for human stool samples.
This device provides a promising platform to be integrated with portable stool
diagnostics.

Next, we developed a sharp edge based acoustofluidic micromixer capable of
achieving rapid, multi-fluid (>2) and multi-step (=2) mixing, which is difficult to realize in
hydrodynamic fluid focusing method. Rapid, multi-step and multi-fluid mixing is critical
to nanomaterial synthesis for drug delivery. These novel capabilities are realized
simply by varying the strength and sites of micro-vortex streaming. With this
platform, we synthesized homogeneous poly(lactide-co-glycolide)-block-poly
(ethylene glycol) (PLGA-PEG) nanoparticles by rapid mixing, high-molecular
PLGA-PEG nanoparticles by strong mixing, PLGA-lipid core-shell nanoparticles by
two-step mixing and chitosan nanoparticles by three-fluid mixing. When combined
with varying flow rates and reagent concentrations, the acoustofluidic platform
allows for nanoparticle synthesis with unprecedented control of nanoparticle size
and structure.

We have also developed a surface acoustic wave (SAW)-based, disposable

acoustofluidic platform for bacteria separation by suppressing micro-vortex streaming



and enhancing acoustic pressure field. SAW induced micro-vortex streaming is generated
by the viscous attenuation of SAW propagation. In SAW-based devices, the acoustic
steaming competes with acoustic radiation force. To overcome SAW induced steaming,
we generated standing SAW to form time-averaged momentum flux in opposite direction
and then cancelling it out. To increase acoustic radiation force, we designed unidirectional
transducers that enable SAW to propagate primarily in one direction, thus tremendously
increasing acoustic energy intensity. Using this device, we were able to pattern 400 nm
polystyrene particles within the disposable microchannel, as well as separate 600 nm
silicon dioxide and 200 nm silver nanoparticles from 1 pum polystyrene particles.
Additionally, our disposable device achieved high-purity separation of bacteria from
human red blood cells (RBCs). This method of unidirectional transducer design provides
a way of enhancing acoustic radiation force to suppress acoustic streaming.

Finally, we developed a valley hall based topological acoustofluidic device with
the characteristic of chiral micro-vortex streaming by introducing the concept of
topological insulator. Topological insulators, which originate from condensed matter
physics, have recently been exploited for unconventional wave propagation. One of the
prominent features of valley-hall based topological insulators is chiral vortex feature of
energy flux. By electroplating copper micropillars on a lithium niobate substrate, we
established hexagonal latticed copper pillars with valley hall effect in microfluidics, where

SAW was utilized as excitation source. We numerically and experimentally demonstrated
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clockwise and anticlockwise of vortex streaming by tracing 200 nm fluorescent
polystyrene particles. To our knowledge, this is the first visualization of chiral vortex
feature in topological insulators. Within the microfluidic community, this allows for novel
functionalities including unidirectional particle rotation and back-movement immune
particle transport. In the topological physics space, the liquid domain within microfluidic
devices enables a new technology for characterizing topological spin textures, which is
difficult to be realized in solid or air domain. Furthermore, multiphysics nature of the
system enriches the physics of topological insulators. Therefore, the topological
acoustofluidics developed here expands not only the field of microfluidics but also the
field of topological insulators.

In summary, this dissertation serves to further the knowledge of micro-vortex
streaming along three planes: enhancing micro-vortex streaming, suppressing micro-
vortex streaming, and introducing topological physics to generate chiral micro-vortex
streaming. Finally, I will provide my perspective for the next-generation development of
micro-vortex streaming based technologies and possible emerging applications. I hope

that eventually the microfluidic and physical communities can benefit from each other.
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1. Introduction

1.1 Microfluidics

Microfluidics represent the field to process small amounts of fluids within a
microscale channel, allowing the convergence of fluid mechanics with chemistry, physics,
biology and material science.! The intrinsic microscale dimension of microfluidic devices
endows it with possibilities for fluid manipulation beyond what is possible in
conventional macroscale levels. This is due, in part, to the fact that fluid flow shifts from
a turbulent regime dominated by inertial forces at the macroscale to a laminar regime
dominated by inertial forces at the microscale. The ratio of inertial forces to viscous forces,

which depends strongly on spatial dimension, is represented by Reynolds number (Re)*:

Re=— (1.1)

where p, v, L, and prefer to fluid density, fluid velocity, hydraulic diameter of
microchannel, and fluid dynamic viscosity, respectively. When Re is less than 2000, the
fluid flow begins to convert from chaotic, turbulent to smooth, laminar flow. In
microfluidic channels, Re is approximately equivalent to 1, indicating a fully laminar flow
system.? For laminar flow, the fluid velocity between two side walls of microchannels is
predicted as a parabolic distribution. Meanwhile, the diminutive scale of microchannels
tremendously enlarges the surface area to volume ratio. This predictable flow profile and
large surface area to volume ratio allows for precise fluid control, as well as rapid heat

and mass transfer within microfluidic environments. When applied to sample process,
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microfluidic devices allow for (i) rapid sample processing; (ii) a homogenous reaction
environment; (iii) reduced reagent volumes; (iv) convenient modules for point of care
diagnostics and (v) high sensitivity." + With these merits, microfluidic devices have
spawned significant progress in many fields.

One notable area in which microfluidic devices have the potential to further
development is the integration of microfluidic micromixing with nanoparticle technique
for nanomedicine development.®> Nanomedicine systems typically require nanoparticles
to be monodisperse, size-tunable and structure-controllable. Unfortunately, standard
vortexing methods lack control over the mixing process, leading to poor reproducibility
and polydispersity. These issues can be addressed with the emergence of different
microfluidic methodologies such as hydrodynamic flow focusing (HFF) and tesla
microstructures.> ¢ Furthermore, the mixing time in microfluidic devices can be estimated

by the following equation:"

w? 1o
Tmix D ( . )

Where, w and D represent diffusion length and diffusion coefficient, respectively.
Typically, the microfluidic mixing time is calculated to be in the order of milliseconds.
This ability to rapidly mix reagents makes microfluidic methods attractive for
nanoparticle synthesis. In 2008, a microfluidic 2D HFF method was proposed to
synthesize PLGA-PEG nanoparticles.” Using rapid mixing, microfluidic methods
generated nanoparticles with smaller size and better reproducibility than conventional

2



batch methods. Later in 2011, a 3D HFF microfluidic method demonstrated their ability
to precisely tune nanoparticle size from 30 to 230 nm by varying polymer molecular
weights and concentrations.” This broad size range is sufficient for a multitude of drug
delivery scenarios. Furthermore, novel lipid-PLGA core-shell nanoparticles have been
fabricated using microfluidic device with Tesla microstructures; these nanoparticles
combine the desired properties of polymeric nanoparticles and liposomes such as high
drug loading and high serum stability.® Due to their excellent controllability, microfluidic
devices have been becoming an important platform for real-world nanomedicine and
vaccine development. Similarly, a library of microfluidic devices has been designed for

other promising applications such as cell separation and biomarker detection.®10

1.1 Acoustofluidics

Despite the significant progress, passive microfluidic paradigms continue to suffer
from a variety of issues including incomplete reactions in hydrodynamic mixing devices,
limited tunability in hydrodynamic separation devices, as well as channel clogging in
microstructure enabled separation devices.> '' The expanding fields of microfluidics,
where external forces are applied to manipulate fluids, provide possibilities to overcome
these constraints. To date, a variety of external force fields have been modulated into
microfluidic devices for acoustic, magnetic and dielectrophoretic particle manipulation.'?
Compared with other methods, acoustic method is contact-free and label-free; this

property has led to considerable interest in combining acoustics and microfluidic



techniques into “acoustofluidic” devices.’>* Within acoustofluidic devices are three
categories of forces for particle manipulation: traveling wave force, acoustic streaming,
and standing acoustic radiation force." Here, we will first focus on the acoustic radiation
force before turning our discussion to acoustic streaming in next section.

Acoustic radiation forces for microfluidic particle manipulation stem from the
scattering of acoustic waves in the vicinity of particles suspended in an acoustic field.?
Scattering along the direction of traveling wave propagation results in traveling wave
forces. In standing acoustic wave fields, acoustic radiation forces arise from time-averaged
force potential gradients in fluids.!> Due to this difference in force generation, travelling
wave forces and standing acoustic radiation forces exhibit a large differential effects on
particle manipulation. With travelling wave forces, particles are moved continuously over
several wavelengths in the direction of wave propagation. However, the capability of
travelling wave forces to manipulate particles is limited by a particle size/wavelength
ratio (x = 2mtR/A), above which effective particle translation can be achieved.! This ratio
requires the fluid wavelength to be on the order of particle size and therefore it is difficult
for travelling wave force to manipulate submicron particles. In contrast, in standing wave
tields, particles are translated to pressure nodal or antinodal positions based on the
acoustic contrast factor between particles and fluids.’* The standing acoustic radiation
forces scale with particle volume, and therefore are able to manipulate particles with

dimensions much smaller than acoustic wavelengths. The periodic pressure field between



adjacent standing nodes/antinodes is also more predictable than the attenuated travelling
pressure field. Therefore, travelling wave forces are less utilized than standing radiation
forces for particle manipulation.

The acoustic radiation force in fluids is mathematically expressed as the following

equation:’
“*o ' e .
Frad = _ 743 TRC[f Ipi:VPin] - f’oRc[fi Vin ¥ ”m] (1.3)

Where p. , v, and «, represent incoming pressure amplitude, incoming velocity

amplitude and compressibility of the fluid, respectively. In the standing acoustic fields
used for particle manipulation, the size of the particles is usually much smaller than
acoustic wavelength, and the radiation force becomes a gradient force and can be
simplified:'®

Frad= S v/ Umd (14)

Here U is the Gor’kov force potential and is given as:> 15

3 = 3f -
Urad = da f ! p2 — f Zp vl (1 5)
3 202 in 4 0" in '
0”0
2110
= 1 — = - .
. 2 I iy 12 (1.6)

where CorPysC, and p,are the speed of sound, the density of the fluid, speed of sound

in particle, and the density of the particles. In a rectangular microfluidic chamber with

planar side walls at x=0 and x=h, the incoming wave pressure becomes



p=p, sin(kx) - cos( wt) . The acoustic radiation force further simplifies into the classical

format presented by Yosioka and Kawasima.!®

[nngﬁo) .
F =— ~( B, p) - sin( 2kx) (1.7)
" 24
5p,=2p B,
p(pp)=—t—2 L (1.8)
2/)p+ pO ﬁo

where, p oAV, Kk, and x are the pressure amplitude, wavelength, particle volume, the
wavenumber and the distance between particle and pressure node/antinode. The
trajectories of particle movement can be numerically calculated based on forces balance
using Newton’s second law. In standing acoustic fields, particles are subjected to gravity,
Stokes’ drag, acoustic radiation and buoyancy, where the buoyancy force and gravitional
force balance each other.® The Stokes drag force is given by:?

F o= 6mr( v, = v) (1.9)
Wheren , r, v and v are the viscosity of the fluid, particle radius, particle velocity and

fluid velocity, respectively. The fluid velocity within microchannels can be solved using
balance laws in fluid mechanics. In a viscous compressible fluid, the governing equations

of mass and momentum conversation are given by:17

ap
E-'- v -(/)uo) =0 (1.10)

v 1
Pt p(vy V) uy== Va2 (w ;#]V (V-0) (1.11)



Combining these theories of fluid mechanics, pressure acoustics, and solid mechanics
provides the basis for numerical simulation that guide experimental work. In the next two
sections, we will discuss in detail the formation and applications of acoustic micro-vortex

streaming.

1.2 Different Mechanisms for Micro-Vortex Streaming

Acoustic micro-vortex streaming is defined as a rotational fluid flow stemming
from the dissipation of acoustic energy into fluids.!® From a force analysis perspective,
acoustic streaming is ascribed to time-averaged momentum flux.'® Based on the formation
principle, acoustic streaming can be classified into bubble oscillation induced cavitation
streaming, sharp edge oscillation induced vibration streaming, surface acoustic wave
induced streaming, boundary layer induced streaming, and topological symmetry broken
induced streaming.! 71° These streaming types are generated from two types of acoustic
waves: flexural acoustic waves and surface acoustic waves. The former refers to acoustic
wave propagation through the bulk substrate, while the latter refers to wave
transportation on the surface of the substrate. Here, we will discuss the three most
important three categories of streaming: sharp edge oscillation induced vibration
streaming, surface acoustic wave induced streaming and topological symmetry broken

induced chiral vortices.



1.3.1. Sharp Edge Oscillation Induced Vibration Streaming

Acoustofluidic devices with sharp edge microstructures are often applied to
generate vibrational streaming via the dissipation of acoustic energy in the vicinity of
stably oscillating sharp edge tips.? These devices are comprised of a piezoelectric
transducer, a glass coverslip and a single-layer polydimethylsiloxane (PDMS)
microchannel with sharp edges (Figure 1.1). When the piezoelectric transducer is excited,
acoustic flexural waves are generated to oscillate sharp edges; this oscillation induces
acoustic energy dissipation, leading to vibration streaming. The reason that separates
vibrational micro-vortex streaming from surface acoustic wave induced streaming is that

the sharp edges oscillate only near the resonance frequencies of the devices. Thus, sharp-

Glass slide

b Outle

H: height
S: spacing

N: number of
sharp-edge structure

Figure 1.1: Micro-vortex streaming in sharp edge based acoustofluidic device.
(a) Schematic of the sharp-edged based acoustofluidic micromixer device. (b) Schematic
showing the detailed design of the sharp edge based microchannel. (c) Schematic showing
the acoustic streaming effect induced by an acoustically oscillated sharp-edge
structure.Photos reproduced from Zhao et al. in ref.”!



edge vibration is a single oscillation mode, and a symmetrical micro-vortex pattern
emerges for vibration streaming. Since it is the displacement of sharp edges scattered
acoustic field that forms streaming flows, the streaming intensity can be tuned by
modifying sharp edge structures, such as sharp-edge height (H), spacing (S) and the
number of sharp-edge pairs (N) (Figure 1.1).

To date, the best way of characterizing vibration streaming is to track the
trajectories of fluorescent particles. Using fluorescence microscopy, Huang et al.,
demonstrated the flow pattern of vibration streaming near sharp edge protrusion by
tracing 1.9 um diameter fluorescent particles at the device resonance frequency of 4.5
kHz.2 Note that this resonance frequency is distinct from the resonance frequency of
piezoelectric transducer. It has been experimentally observed that higher velocity
streaming flows can be obtained using sharp edged with a larger height and a smaller
sharp edge tip angle because such sharp edges will oscillate with higher amplitudes. This
phenomenon can be illustrated by approximating sharp-edge oscillation as cantilever

vibration, which is given as:?

F  Ewt?
K=—
5

h 413 (1.12)
Here, K, 6, E,w,t,and L denote the spring constant, vibrational displacement, Young’s
modulus, cantilever width, cantilever thickness and cantilever length, respectively. When
the material modulus E and thickness 7 are constant, a small angle tip (w) and a large

height (L) lead to a small spring constant and a large vibration displacement.
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Figure 1.2: Micro-vortex streaming in surface acoustic wave devices (a) 3D view
of the device. (b) simulated streamlines and velocity field for acoustic streaming. (c)
simulated concentration of 500 nm polystyrene particles in fluids. Photos reproduced
from Zhang et al. in ref.?

Vibration streaming and cavitation streaming are both excited with flexural waves,
though vibration streaming avoids the issue of bubble instability in cavitation streaming.
Soft photolithography and PDMS materials can be used to fabricate different sharp edge
based acoustofluidic devices that are operated within the frequency range of human
hearing. Recent work has also demonstrated that higher frequencies in the MHz range can
be applied to excite sharp edges fabricated from silicon materials, which minimize the

amount of noise generated by sharp edge based acoustofluidic devices.

1.3.2. SAW Energy Dissipation Induced Streaming

Surface acoustic wave (SAW) induced streaming is the flow generated by viscous
attenuation of acoustic energy in bulk fluids."" These devices consist of a lithium niobate
substrate, a pair of interdigital transducers (IDTs), and a single-layer PDMS
microchamber. When the transducers are excited, SAWs propagate on the surface of the

lithium niobate and couples into the fluid at the solid/liquid interface. The acoustic
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pressure amplitude decreases with distance from SAW source due to energy attenuation.
This lossy energy transfer results in a steady momentum flux, leading to fluid circulation
within the microfluidic channel." '® Compared to vibration streaming, SAW induced
streaming directly generates streaming via body forces and is applicable at a large
frequency range (10-1000 MHz). The time-averaged acoustic body force at position (x, z)
is expressed as:!!

Fo=p pU (x,2)* (1.13)

U l( x, Z) :§0m€ — a(x— ZLEIHUR) e —ﬁzsecb’R (114)

Where , U, , and 8, are the fluid attenuation coefficient, the first-order amplitude of
displacement velocity, and the Rayleigh angle, respectively.

It is important to note that, SAW induced streaming can also be demonstrated at
low frequencies. For instance, Zhang et al. showed that at a frequency as low as 3.5 MHz,
SAW induced torsional vibration mode could be harnessed to generate a single vortex
within a glass capillary, as shown in Figure 1.2.22 However, in some scenarios, acoustic
radiation force is preferred for separation of biological samples, which requires

suppression of SAW streaming.

1.3.3. Topological Symmetry Broken Induced Chiral Vortex Feature

Originating from condensed matter physics, topological insulators have attracted
tremendous attention because of their capability to overturn traditional view of wave

propagation.?* Among different topological materials, valley hall topological insulators

11



ok
o

5
N [
<
< 45}
[S]
@
& 4
o
[TH
3.5
3 ' .l. .'-. ..'. %
-1 -0.5 0 0.5 1

Figure 1.3: Chiral vortex of energy flux in topological phononic insulator. (Top)
chiral vortex feature of edge states projected from different valleys. The color and arrows
represent energy field and Poynting energy flow, respectively. (bottom) dispersion curves
for topological edge states. Photos reproduced from Tian et al. in ref.?>

are extremely promising, as they can be easily realized by spatial inversion-symmetry
broken. In addition to spin and charge, the valley provides a new degree of freedom for
electrons. When the inversion symmetry is broken, the berry curvatures localized at K or
K’ valleys show non-trivial features and carry opposite signs.?* Thus, electrons at different
valleys obtain opposite velocities and move in opposite directions. When extended to
phononic and photonics, this movement in opposite directions is characterized as the
chiral vortex feature of energy flux at different valley points (Figure 1.3). The non-trivial
berry curvature of topological materials can be estimated from eigenvalue problem of
periodic lattice in momentum space, given as:?* %

HO w, (k) =4 (B y, (k) (1.15)
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where v ( k) represents an eigenstate of the nth band at k. When & varies slowly along the

band in the Brillouin zone, the system’s evolution is defined as Berry phase:2¢-27

$ =F dk-A (k) (1.16)
Ak = w (k) ‘i‘ (k) (1.17)
n - l’Un dR I'Un °

Here A (k) is termed as Berry connection and the curl of A ( k) is Berry curvature:*
Q (R)=V XA (R) (1.18)
To date, valley related unconventional topological phenomena such as the valley
hall effect,’® backscattering-immune wave propagation?* and negative refraction?® have
been demonstrated. However, these investigations are mainly limited to solid domain or
air domain. Fluids are another important medium for the life science; however, few wave
propagation investigations have been done in fluids due to the difficulty of on-chip
fabrication and complexity of solid-liquid coupling. In this dissertation, we will explore

the generation of chiral vortex feature of topological insulators in fluids.

1.4. Applications of Micro-Vortex Streaming

In this section, we will summarize various applications achievable by suppressing
or enhancing micro-vortex streaming. These applications are classified into (1) fluid
manipulation using vibration streaming; (2) particle manipulation using micro-vortex

streaming; and (3) particle manipulation via suppression of SAW streaming.
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1.4.1. Fluid Manipulation Using Vibration Streaming

Vibrational micro-vortex streaming flows are generated at the tip of oscillating
sharp edges with extremely high tunability.?® By varying the structure and position of
these sharp edges it is possible to achieve different vibrational streaming modes over a
wide range of intensities. Vibrational micro-vortex streaming can be achieved in fluid
flows spanning the entire microfluidic channel, as well as localized fluid flows. The two
important applications of this vibrational micro-vortex streaming technology are fluid
mixing and fluid pumping, both of which are essential functionalities for lab-on-a-chip
applications and fully microfluidic analytic systems. This section will discuss these two
applications along with other novel fluid manipulation applications.

First, Huang et al., demonstrated that vibrational micro-vortex streaming can be
achieved in the vicinity of sharp edges within acoustic microfluidic channels, and this
streaming can be harnessed to generate mixing by disturbing laminar fluid flow.?’ This
effect was achieved using vertical, triangular sharp edges alternatively spaced along two
opposing channel walls. By varying the acoustic frequency and driving voltage across the
channel, they were able to achieve complete mixing in a fluid flowing at a rate of 4 uL/min.
Meanwhile, numerical simulation indicated that sharp edges placed directly opposite
each other would lead to incomplete mixing. This micro-vortex streaming and fluid
mixing is shown in also shown in their later work (Figure 1.4).2> 3 A clear interface

between laminar flows is observed while the acoustics are off; however, complete mixing

14



is demonstrated by a uniform fluorescence intensity within the microchannels when the
acrostic transducer is turned on. Unfortunately, despite its simplicity and stability, this
sharp edge-based micromixer suffers from low throughput.

a

z b Acoustic streaming in the channel
e — T ’

Solution 1 ky Vi I

X

Acoustic transducer

sharp-edge structure

Solution 2
Acoustics OFF

Cover glass

Figure 1.4: Fluid mixing in sharp edge based acoustofluidic devices. (a)
schematic for the sharp edge-based device. (b) vibration micro-vortex streaming
characterized by the trajectories of fluorescent particles. (c) mixing of DI water and
fluorescent dye within microchannels. Photos reproduced from Huang et al. in ref.?

Next, fluid pumping within microfluidic channels allows the development of
point-of-care devices with the minimal external hardware. Due to the symmetrical
pattern, vibration streaming has attracted few attentions for fluid pumping. By designing
a rightward-tilted, rectangular sharp edges on channel side walls, Huang et al., were able
to generate a net force that resulted in a pump flow rate of 8 uL min™ with a pressure of
76 Pa. This pumping was realized by placing tilted sharp edges to the right so as to direct
a net force toward right.®! This directional pumping flow can presumably be used to

transport biological samples such as cell, virus and exosomes. Additionally, a
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spatiotemporally controlled chemical generator was developed by this research team by

placing sharp edges in the middle of microfluidic channels.

1.4.2. Particle Manipulation Using Micro-Vortex Streaming

Figure 1.5: SAW induced micro-vortex streaming for selectively particle capture.
(a-c) at low powers, the 2 um (orange) particles are deflected away from the focused SAW
beam. (d-f) at high powers, the 2 um (orange) particles are trapped in the vortex center
while the 1 um (green) particles flow follow the streamlines. Scar bar: 200 pum. Photos
reproduced from Collins et al. in ref.®

Concentration and separation of biological samples, such as circulating tumor cells
(CTCs) and exosomes, are essential to diseases diagnostics.?® 3 Micro-vortex streaming
generated in the vicinity of focused SAW beams or oscillating structures have both been
used to capture and concentrate large particles, while allowing small particles to continue
flowing along streamlines.?> 35 This differential behavior allows for particle separation
based on size. Recently, Collins et al., have investigated the capture efficiency and
differentiation capability of SAW streaming for particles and cells within a 400 um PDMS

microchamber.?? They found that within a given system, the SAW streaming pattern
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depended on driving power and lateral fluid flow rate. By varying the power and flow
rate, they were able to selectively separate 2 um PS particles from 1 um particles, as well
as isolate human breast cancer cells from red blood cells (Figure 1.5). However, one
limitation of SAW streaming is that it is relatively weak, with a maximum sample flow
rate of only 2 uL. min™'. In contrast, bubble oscillation-induced streaming is much stronger.
Using bubble oscillation induced micro-vortex streaming, Jiang et al.,, were able to
separate CTCs and circulating cancer associated fibroblasts (cCAFs) from clinical blood
samples without damaging cell integrity.*® To do so, they actuated a piezoelectric
transducer at a frequency of 50.2 KHz, and were able to obtain high flow rates up to 70.4

puL min~'. Despite these achievements, the stability of air bubble systems remains a

concern.

Acoustic OFF

Collection outlet

Waste outlet

Figure 1.6: The suppression of micro-vortex streaming for particle manipulation.
(a) The disappearance of Rayleigh streaming micro-vortices with the increment in
standing pressure fields. Photos reproduced from Wiklund et al. in ref.’® (b) Standing
surface acoustic waves are used for cell separation driven by acoustic radiation force.
Photos reproduced from Li et al. in ref.3
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1.4.3. Particle Manipulation by Suppressing Micro-Vortex Streaming

Development of SAW streaming also include direction to suppress micro-vortex
streaming and enhance acoustic radiation force for cell or particle manipulation.'® % The
acoustic radiation force and acoustic streaming co-exist together in microfluidic channels.
The question of which effects dominates depends on their respective intensities as they
relate to particles. Therefore, two methods can be applied to overcome streaming. Firstly,
standing acoustic wave fields can be constructed to partially cancel out momentum flux
in opposite direction (Figure 1.6). Secondly, a large acoustic radiation force can be
generated so as to overwhelm the effect of acoustic streaming. For the first method, Figure
1.6a shows how the generation of a standing wave can be used to significantly reduce
acoustic streaming. At 2.11 MHz with a channel width of 2, Rayleigh streaming with a
characteristics wavelength of A/4 can be clearly observed, resulting in local particle
depletion near each vortex. At 6.62 MHz with a channel width of 3 2, the acoustic radiation
force can be observed in the particles” patterning. At 7.21 MHz with a channel width of
3.5 2, particle patterning clearly follows standing wave pressure fields and no Rayleigh
streaming is evident. For the second method, Collins et al., found that in the same SAW
device, 2 um PS particles were deflected by traveling wave force at low powers, while 2
um PS particles were captured by acoustic micro-vortex streaming at high powers.?? In
Chapter 4, we will propose a new strategy to increase the acoustic radiation force while

rendering the micro-vortex streaming effect negligible.
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1.5. Dissertation Outline

In the remaining sections, I will discuss the enhancement of vibration streaming
in chapters 2 and 3, the suppression of streaming by increasing acoustic radiation force in
chapter 4; and the development of chiral vortex streaming in chapter 5. I will provide a
summary in chapter 6. The contents of this dissertation are reproduced from published
works and manuscript in preparation.

Chapter 2 of this dissertation is from the publication: Shuaiguo Zhao, Weihua He,
Zhehan Ma, et al., On-chip stool liquefaction via acoustofluidics, Lab on a Chip, 19, 941-947,
2019. We have also included two figures from another publication into this chapter: Lab
on a Chip, 21, 2453-2463, 2021.

Chapter 3 of this dissertation is from two publications: Shuaiguo Zhao, Po-Hsun
Huang, Heying Zhang, et al., Fabrication of tunable, high-molecular-weight polymeric
nanoparticles via ultrafast acoustofluidic micromixing, Lab on a Chip, 21, 2453-2463, 2021. Po-
Hsun Huang*, Shuaiguo Zhao*, Hunter Bachman, et al., Acoustofluidic synthesis of
particulate nanomaterials, Advanced Science, 1900913, 2019.

Chapter 4 of this dissertation is from one publication: Shuaiguo Zhao, Mengxi Wu,
Shujie Yang, et al., A disposable acoustofluidic chip for nano/micro particle separation using

unidirectional acoustic transducers, Lab on a Chip, 20, 1298-1308, 2020.

19



Chapter 5 of this dissertation is from one manuscript ready to be submitted:
Shuaiguo Zhao, Zhenhua Tian, Chen Shen, et al., Topological Acoustofluidics, in preparation,
2022.

Chapter 6 of this dissertation contains a summary and potential directions for
future work. I will discuss current limitations in micro-vortex streaming technologies and

future research directions for topological acoustofluidics.
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2. On-Chip Stool Liquefaction via Acoustofluidics

Microfluidic-based portable devices for stool analysis are important for detecting
established biomarkers for gastrointestinal disorders and understanding the relationship
between gut microbiota imbalances and various health conditions, ranging from digestive
disorders to neurodegenerative diseases. However, the challenge of processing stool in
microfluidic devices hinders the development of a standalone platform. Here, we present
the first microfluidic chip that can liquefy stool samples via acoustic streaming. With an
acoustic transducer actively generating strong micro-vortex streaming, stool samples and
buffers in microchannel can be homogenized at a flow rate up to 30 pL/min. After
homogenization, an array of 100 um wide micropillars can further purify stool samples
by filtering out large debris. A favorable biocompatibility was also demonstrated for our
acoustofluidic-based stool liquefaction chip by examining bacteria morphology and
viability. Moreover, stool samples with different consistencies were liquefied. Our
acoustofluidic chip offers a miniaturized, robust, and biocompatible solution for stool
sample preparation in a microfluidic environment and can be potentially integrated with

stool analysis units for designing portable stool diagnostics platforms.

2.1. Motivation

Owing to the fact that stool samples are rich in constituents including bacteria,®
cells,® biomarkers,* and viruses®, processing and analyzing stool is essential to numerous

disease diagnoses. For example, stool cultures enable the detection of pathogenic bacteria
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for diarrheal diseases,*! while stool immunochemical tests contribute to the screening of
colorectal cancer.# In addition to conditions directly affecting the digestive tract,
researchers have recently linked irregularities in gut microbiota with the risk and
progression of neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease.*
4% However, current stool processing and analysis protocols not only require highly
trained personnel and advanced instrumentation, but are also labor-intensive and time-
consuming, thus limiting patients’ access and lowering medical care efficiency.
Additionally, the need for cross-instrumentation operation may lead to severe biohazard
risks and operator-dependence can compound detection results.#” Therefore, the
development of rapid, reliable, and automated point-of-care (POC) devices for stool
processing and analysis is critical for reducing biosafety concerns and improving
diagnoses and healthcare.

The unique features of microfluidics, such as miniaturization, biohazard
containment, high sensitivity, and reduced reagent consumption, make it excellent
candidate for developing POC devices for stool processing and diagnosis.’% 4567
Previously, microfluidic devices have demonstrated advances in stool analysis, ranging
from on-chip detection of antigen® ¢ and bacteria,”> 7! and on-chip polymerase chain
reaction (PCR)” to molecular analysis of nucleic acids.” 7 Despite these achievements,
most microfluidic devices require off-chip stool processing, including vortex mixing for

homogenization, and filtration or centrifugation for purification.®®7% 72 7 These off-chip
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requirements severely hinder microfluidics from evolving into next-generation fully
automated POC devices, for which integration of stool processing and analysis is
imperative. Currently, there are no on-chip methods that can perform stool
homogenization and subsequent purification. For traditional microfluidic mixing
methods which primarily rely on the design of channel structures,” 7 the absence of
external energy and weak mixing make it extremely challenging to liquefy stool samples,
considering the large number of macromolecules and non-digested matter in stool.

In this work, we present the first on-chip method that can homogenize and purify
complex stool samples. In the homogenization region, with an acoustic transducer
actively oscillating sharp-edges in microchannel, strong micro-vortex streaming can be
created to homogenize stool samples and phosphate buffered saline (PBS) at a flow rate
of up to 30 uL/min. In the purification region, an array of 100 um wide microstructures
was designed as a filter to remove large debris. The chip demonstrates comparable
biocompatibility to the standard method when considering the bacteria’s integrity,
viability, and proliferation ability. Our device’s high biocompatibility, along with its
continuous flow nature, are important for downstream applications that often require
intact cells, such as cell culture,” flow cytometry,”®” and cell detection.” 88! Furthermore,
the strong acoustic streaming enables the liquefaction of stool samples with a large range
of consistency. With its robust, biocompatible, and versatile nature, our acoustofluidic

chip could provide a viable pathway to the adoption of microfluidics in stool research and
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could also be integrated with other microfluidic units to expedite the development of

portable tools for stool processing and analysis.

2.2. Materials and Methods
2.2.1. Stool Sample

Human stool samples were collected from a volunteer according to a protocol
(2019-0115) approved by the Duke University Institutional Review Board. Informed,

written consent has been obtained by the volunteer.

2.2.2. Fabrication and Operation of Acoustofluidic Devices

Figures 2.1A&B provide a schematic and photo of our sharp-edge-based
acoustofluidic device for stool liquefaction, respectively. This acoustofluidic stool
liquefier consists of an acoustic transducer, a glass slide, and a single-layer
polydimethylsiloxane (PDMS) microchannel. The microchannel with sidewall sharp-edge
structures was fabricated using deep reactive ion etching and a replica-molding
technique, and then bonded onto a glass slide. Next, an acoustic transducer (AB2720B-
LW100-R, PUI Audio, Inc., USA) was bonded onto the same glass slide using a thin epoxy
layer (PermaPoxyTM 5 Minute General Purpose, Permatex, USA). The vibrations from the

transducer oscillate the sharp
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Figure 2.1: Device operation principle of micro-vortex streaming. (A) Schematic
and (B) photograph of the acoustofluidic-based stool liquefier device. (C) Characterization
of high-performance mixing of DI water and fluorescent dye at 40 Ver and a total flow rate
of 250 pl/min (125 pl/min in each parallel channel). With acoustics off (left), a laminar flow
was observed and with acoustics on (right), complete mixing was obtained. (D)
Characterization of strong acoustic micro-vortex streaming at 40 Vrr and a total flow rate
of 200 pl/min (100 ul/min in each parallel channel). (E) The stool liquefaction process was
shown as follows: with the acoustics off (left), a laminar flow of stool sample and PBS
flowed through the microchannel; with the acoustics on (center), strong acoustic micro-
vortex streaming was created to mix stool samples; at the end of the channel (right), an
array of 100 um parallel microchannels designed as filters to remove large debris. Scale
bar: 200 pum.

edges, and create acoustic micro-vortex streaming which mixes the fluids in the channel.
The chip can be segmented into two functional domains: a homogenization region and a
filtration region (Figures 2.1A&B). The former refers to a serpentine microchannel section
decorated with sharp-edge structures that serve to liquefy stool samples, and act as the
surrogate for the standard vortex mixer to produce a homogenous sample (Figure 2.1A

and Figure 2.2); the latter denotes an array of parallel 100 um wide microchannels that
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function as an alternative to the standard filter to remove large stool debris (Figure 2.1A

and Figure 2.2).
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Figure 2.2: Detailed design of the acoustofluidic-based stool liquefaction device.
In order to prevent clogging due to the thick stool sample, the stool homogenization
region was designed with two parallel channels where width of large channel and small
channel sections were 2 and 1 cm, respectively. Additionally, a 2.5 cm diameter puncher
(Kai, Japan) was used to punch the inlets and outlet. In the stool filtration region, the gap
between the microstructures is 100 pum.

To operate our acoustofluidic device, stool samples were first diluted in sterile PBS
(20012-027, Life Technologies, USA) at a concentration of 500 mg/ml and incubated at 4
°C for 1 hr. After that, stool samples and PBS were co-injected into our acoustofluidic
device through two distinct inlets using two 10 mL BD syringes and MicroLine™ tubing
(59-8645, 1.3 mm ID and 2.3 mm OD, Harvard Apparatus, USA); the injection process was
controlled by a syringe pump (neMESYS, Germany).While the liquids were being injected

into the device, the acoustic transducer was activated at a voltage of 40 Vrr and a
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frequency of 4.0 kHz using a signal generated by a function generator (AFG3011,
Tektronix, USA) and magnified by an amplifier (25A250A, Amplifier Research, USA). Due
to the strong acoustic streaming produced by the sharp edges, stool samples and PBS
flows were homogenously mixed as they moved through the “liquefaction region”; the
mixture then entered the “filtration region” where it was purified and large debris was
removed.

Before the liquefaction of stool samples, we first optimize the device performance.
To characterize the mixing performance of our device, DI water and fluorescent dye were
injected through independent inlets into the microchannel. Unless otherwise specified,
the flow rates of DI water and fluorescent dye were both 15 pL/min (30 pL/min in total).
The mixing performance was then quantitatively characterized by the standard deviation
of normalized gray scale values. Here, we systematically investigate the influence of the
device parameters (PDMS thickness, glass thickness, and sharp-edge number, height, and
distance) and the operation parameters (driving frequency and voltage) on the mixing
performance. The microchannel for all experiments was 100 um high, 600 pm wide, and
1 cm long, and the tip angle of sharp-edges were fixed to 15°. The No. 1 (130-170 um,
48404-453, VWR, USA) and No. 2 (170-250 pum, 48382-136, VWR, USA) cover glasses were
purchased from VWR, while the No. 0 cover glasses were purchased from Thor Labs (85-

115 um, CGO0K1, Thorlabs, Inc., USA).
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2.2.3. Standard Stool Liquefaction Procedure

In order to provide a benchmark comparison for our acoustofluidic liquefaction
device, we also processed samples using a standard method. When reviewing the
standard methods for stool liquefaction, we found that stool samples are first diluted in
PBS with a concentration range of 50-500 mg/ml, homogenized via a vortex mixer, and
finally filtered or centrifuged for purification.” %% Based on the standard procedure, we
conducted the following three-step procedure for comparison to our acoustofluidic
method. First, stool samples were diluted in sterile PBS with a concentration of 500 mg/ml
and then incubated at 4 °C for 1 hr (this mirrored the incubation time of the acoustofluidic
liquefaction process). Second, 1 min vortex mixing (Geneate, VWR, USA) was applied to
a mixture of the stool sample and additional PBS that had been added at a 1:1 ratio (v/v),
followed by 20 min incubation at room temperature. Third, the processed sample was
filtered with a 100 pum sterile filter (22363549, Fisher Scientific Inc., USA) to remove large

stool debris.

2.2.4. Morphology Characterization

Scanning electron microscopy (SEM) and optical microscopy were used to
compare the performance of the two stool liquefaction methods based on debris size. For
SEM imaging, the liquefied stool samples were first centrifuged and then re-suspended

with a fixative solution. After incubating at 4 "C for 24 hrs, a drop of stool sample was
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placed on an aluminum stub coated with a carbon adhesive tab, dried at room

temperature, and sputtered with a thin layer of gold.

2.2.5. Bacterial Cell Culture

Stool culture was performed to evaluate the influence of the liquefaction
procedure on the bacteria’s proliferation ability. Culture medium was prepared by
dissolving 7.5 mg eosin methylene blue (EMB) agar (70186, Sigma, USA) in 200 mL DI
water. After transferring 20 mL culture medium into a 100 x20 mm culture dish (353003,
Falcon, USA), 0.5 pL of the sample was inoculated on an EMB agar plate following a
“DUKE” pattern. Samples included the acoustically liquefied stool sample, standard
liquefied stool sample, and a control with only PBS. The cultures were incubated

aerobically at 37°C, and bacterial growth was examined at 18 and 36 hrs, respectively.

2.2.6. Bacterial Viability via Fluorescence Microscope and Flow
Cytometry

To analyze cell viability with a fluorescence microscope, stool samples liquefied
using either a standard method or our acoustofluidic device were using a commercial
staining kit (Live/Dead BacLight, L7007, Invitrogen, USA). After 15 min incubation in dark
at room temperature, a 2 pL drop of each liquefied stool sample was placed on an agarose
pad to immobilize the bacterial cells.’ Then, the agarose pad was analyzed using an
inverted microscope (Eclipse Ti, Nikon, Japan) equipped with a 100X oil immersion

objective.
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In order to analyze cell viability with a flow cytometer, the liquefied stool sample
was first filtered with a 5 um filter (7037350, Sterlitech, USA) to isolate bacterial cells and
then stained with a Live/Dead BacLight kit (L34856, Invitrogen, USA). After a 15 min
incubation, 10 uL of liquefied stool sample was diluted with 987 uL of PBS and then
transferred to a 5 mL tube with cell-strainer cap (352235, Falcon, USA) for flow cytometry
(BD FACSCanto B, USA). Escherichia coli (E. coli) bacterial cells purchased from ATCC
were cultured in Miller’s LB Broth (20716002, Cellgro, USA) and used for flow cytometry

condition setting.

2.3. Results and Discussion
2.3.1. Rational Acoustofluidic Design to Improve Mixing Performance

Prior to stool liquefaction, the strong acoustic micro-vortex streaming effect,
generated by our acoustofluidic device, was characterized. In Figure 1C, driven at a
frequency of 4.0 kHz and an input voltage of 40 Vre, our device was able to completely
mix two laminar fluids of DI water and fluorescent dye at a total flow rate of 125 uL/min.
In Figure 1D, at 4.0 kHz and 40 Vrp, clear acoustic streaming patterns were developed at
a total flow rate of 100 pL/min (for each parallel channel). This complete mixing and clear
streaming pattern at a high flow rate demonstrates the capability of our device to create
strong acoustic streaming, which endows it with the potential for stool liquefaction. Due
to the viscous and inhomogeneous nature of stool samples, to perform stool liquefaction

we introduced, stool samples and PBS into our acoustofluidic device at the same flow rate
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of 15 uL/min (total flow rate of 30 uL/min). Figure 1E presents the working process of our
acoustofluidic stool liquefier. With acoustics off, the stool sample flows adjacent to PBS
following a laminar pattern; we noted that some of the large stool debris is able to break
the laminar barrier and reach the top of the channel due to its size and inertial effect. With
acoustics on, the oscillations of the sharp edges cause the stool sample to be homogenized
with the PBS via strong acoustic streaming in the homogenization region. At the end of
the microchannel (i.e., the filtration region), large debris and highly viscous portions of
stool samples were filtered. Once the device was working steadily, a 1.5 mL centrifuge
tube was used for collecting the liquefied sample over a 20 min period. Meanwhile, a
portion of the same sample was liquefied using the standard procedure (i.e., vortex mixing
and a 100 pum sterile filter).

To realize the above-mentioned mixing performance, we enhanced the acoustic
micro-vortex streaming by designing rational device parameters. We first determined the
driving frequency by sweeping the input frequency from 2 kHz to 6 kHz with a minimum
100 Hz increment. The mixing performance was quantitatively characterized by the

mixing index (M) in Figure 2.3 based on Equation 12057

M=

Ly, () R}

Here, n, I;, and In represent the sampled points along a line, the gray scale value of
a point, and the averaged gray scale value of the line, respectively. A M of 0.1 is the cut

off value for complete mixing, while M values of 0.0 and 0.5 correspond to completely
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mixed and unmixed fluids, respectively.?” When excited with a 3.9 kHz signal, devices
achieved the lowest M of 0.05. As such, 3.9 +0.2 kHz was chosen as the driving frequency
range to excite the different devices; the small frequency range was adopted due to the

slight frequency shifts required for excitation of devices with different design parameters.
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Figure 2.3: Dependence of mixing performance on driving frequency. The
driving voltage is 25 Vrr and the total flow rate is 30 uL/min. The device tested has a sharp-

edge structure of 300x600x12, a glass thickness of 170-250 pm, and a PDMS thickness of 4
mm.

Then, the influence of sharp-edge design was evaluated. Figure 2.4A shows that
devices with sharp-edge height (H) of 300 um always retain the best mixing performance.
This phenomenon is ascribed to larger vibration displacement in devices with larger H.2>
8 In Figure 2.4B, devices with a moderate sharp edge spacing (S) of 600 um show the best
mixing performance. Considering the fixed length range of sharp-edges, a large S reduces
the mixing sites and thus compromises the mixing performance, while a small S generates
micro-vortex streaming close to each other and can suppress acoustic streaming. In Figure
2.4C, with increased sharp-edge pairs and mixing sites, N, the mixing performance is

gradually improved. Although there is almost no difference between N=8 and 12 in Figure
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2.4C, devices with N=12 was selected due to its slightly better performance at certain

conditions, such as complete mixing at 35 uL/min and 25 Ver. With the determined sharp-
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Figure 2.4: Rational design of device parameters by the characterization of
mixing performance of the acoustofluidic devices. Plots of mixing indexes at different
driving voltages with (A) different sharp-edge heights, (B) spacing between sharp-edges,
and (C) different numbers of sharp-edge pairs. Here, 4 mm thick PDMS, No. 2 glass, and
30 pL/min total flow rate are applied for (A, B, and C). Plots of mixing indexes with
different device and operation parameters: (D) glass thickness with 4 mm thick PDMS, (E)
PDMS thickness with No. 2 glass, and (F) driving voltage with 4.6 mm thick PDMS and
No. 2 glass. The sharp-edge structure is 300x600x12 for (D, E, F) and the total flow rate is
30 uL/min for (A, B). The thickness is 85-115 um, 130-170 pm, and 170-250 um for No. 0,
No. 1, and No. 2 glasses, respectively. The sharp-edge structure, depending on the height
(H) in pm, spacing (S) in pm, and number of sharp-edge pairs (N), is denoted as HxSxN.
Data represents average of n = 3 independent devices + standard deviation.

edge structure of 300 um x600 pm x12 pairs, we further investigated the influence of glass
thickness, PDMS thickness, and driving voltages. From Figure 2.4D and 4E, the mixing
performance strongly depends on the glass and PDMS thickness. The best performance

appears at 170-250 pm thickness for No.2 glass and 4.6 mm thickness for PDMS. The
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influence of glass and PDMS thickness can be understood by approximating the vibration
of the acoustofluidic devices as a harmonic motion. As the PDMS thickness (mass) is
increased, its vibration frequency decreases.®” At a suitable thickness of glass and PDMS,
the vibration frequency of the system matches well with the excitation frequency, and
strong resonance vibration mode appears. Due to the resonance behavior, the mixing
performance of the system depends non-linearly on device parameters. Devices with 300
pum x600 um x12 pairs, 4.6 mm PDMS, and No. 2 (170-250 um) glass were subsequently
applied. In Figure 2.4F, with increasing voltages, the maximum flow rate for complete
mixing was 90 uL/min at 35 Verand 150 uL/min at 50 Vrp, respectively. These results
indicate that our acoustofluidic device can provide strong micro-vortex streaming.
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Figure 2.5: Numerical simulation and experimental results for mixing
investigation of viscous PEGDA700 polymer solution. (A) Numerical simulations of
PEGDAY00 concentration profile for unmixed 18.3 mPa.s flow, mixed 18.3 mPa.s flow,
and mixed 41.7 mPa.s flow, respectively. (B) Experimental results showing the mixed
performance from acoustics off to acoustics on, where pu is kept at 18.3 mPa.s and p2 is
varied. When the acoustics are off, laminar flow is observed with a pi2 of 18.3 mPa.s. When
the acoustics are on, fluid wi is completely mixed with p2 at 18.3 and 41.7 mPa.s,
respectively. Scale bar: 200 um. (C) Plot of mixing indexes for mixed PEGDA700 solutions
versus varying viscosities of p2.
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Considering the high viscosity of the stool samples, the performance of the rational
acoustofluidic devices was further verified by numerical and experimental investigation
of the mixing between viscous PEGDA700 and water solutions. Based on the perturbation
approach developed in our previous publications,!”*° the simulation was performed using
COMSOL 5.3 (the COMSOL Group). The viscosity of PEGDA700 is 95.9 mPa.s, which is
much higher than that of water (0.89 mPa.s)’! and that of PLGA solution (6.7 mPa.s for
33K PLGA).”> We diluted the PEGDA?700 solutions from 0% to 50% using DI water before
the on-chip acoustofluidic mixing.” For all measurements, the driving voltage is kept at
50 Ver, and the total flow rate was fixed at 6 uL/min. A 50% PEGDA-water solution
(viscosity 18.3 mPa.s) was injected into one inlet as i, while PEGDA solution with
varying concentrations was injected into another inlet as 2. Due to the difference of
dynamic viscosity between i and o, the ratio of the flow rate of the two fluids was
changed to ensure that the interface of laminar flow was at the middle of the channel.

In Figure 2.5A, the numerical simulation demonstrates that the acoustic streaming
in our device can mix highly viscous PEGDA700 polymers. The speed of sound,
compressibility of the fluid, and the density for PEGDA700 solution is ca. 1,603 m/s,
3.47x10-10 Pa?, and 1,120 kg/m?, respectively.*> ** Meanwhile, PEGDA?700 is considered as
an incompressible fluid in the simulation model. This prediction is confirmed by the
concentration profile of unmixed and mixed PEGDA700 solutions in Figure 2.5B. Figure

2.5C shows the mixing indexes for eight various PEG700-water solutions (18.3-95.9
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mPa.s). For all PEGDA700 solutions, the mixing index is below 0.1, indicating complete
mixing. These results confirm the capability of our acoustofluidic device to mix highly

viscous solutions.

2.3.2. Visual Comparison

Raw Standard Acoustofluidics

Figure 2.6: Photo of visual observation of human stool samples. “Raw”: an un-
liquefied raw stool sample; “Standard”: a liquefied stool sample processed using the
standard method (i.e., vortex mixing and a 100 um sterile filter); “Acoustofluidics”: a
liquefied stool sample prepared using our acoustofluidic device.

After liquefaction, we first visually compared the raw stool sample and liquefied
stool samples. Due to the presence of macromolecules, particulates, and non-digested
matters, the non-liquefied stool sample (i.e., the raw stool sample) was cloudy and
contained flocculation, as shown in Figure 2.6. Both liquefied stool samples have a clearer
appearance as a result of uniformly mixing the raw stool sample with PBS. While the
acoustofluidically liquefied stool sample appeared similar to the sample liquefied with a
vortex mixer, some precipitation at the bottom of the vortex mixed sample was observed;
this was ascribed to the presence of large debris and was confirmed with the subsequent

SEM observation. We repeated our experiments using independent samples received
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from the same volunteer at different days, and we observed repeatable performance
between our acoustofluidic device and the standard procedure. Moreover, the variation
in consistency of stool samples at different days exhibits the capability of our device to
liquefy stool samples over a range of consistencies; when measured by a rotary viscometer
(NDJ-5S, well join, Amazon, USA), the viscosities of the diluted stool samples was found
to range from 32415 mPa.s to 95+21 mPa.s, corresponding to the viscosities of stool
samples from 1618+328 mPa.s to 7285+1008 mPa.s. When comparing the consistency of
stool samples, the amount of debris is a good indicator for the thickness of the sample.
The presence of additional debris indicates a thicker sample that is more difficult to
liquefy. Additionally, parameters such as dilution ratio, acoustic intensity, and frequency

can be tuned to further accommodate the variation in stool sample.

2.3.3. Morphology Characterization

Figure 2.7: SEM characterization of liquefied human stool samples. These
samples are prepared using (A) a standard method and (B) our acoustofluidic device. The
blue arrows represent rod-shape bacteria.
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Next, we used SEM images to examine the morphology of liquefied stool samples
and assess the liquefaction performance of our acoustofluidic device. Figure 2.7 shows the
SEM images of liquefied stool samples at different magnifications. At low magnification
(leftin Figure 2.7), we can see that sample liquefied using a vortex mixer contained many
large abiotic impurities; however, samples liquefied with our acoustofluidic device
appear to contain overall smaller constituents. This difference can be further clarified by
images at high magnification (middle in Figure 2.7), where numerous debris in samples
liquefied by the standard method is as large as 80 um but only 40 um in samples prepared
with the acoustofluidic platform. At the highest magnification (right in Figure 2.7),
bacterial cells, which would be analyzed in subsequent analysis, can be found in both
samples. It is also encouraging that the rod-shape of the bacteria has been preserved in
both methods, revealing negligible detrimental effects of acoustic streaming on bacteria
integrity.

2.3.4. Bacterial Cell Culture

Stool culture is one of the most definitive methods for pathogenic bacteria
detection in human stool samples, which depends on bacterial cells” ability to proliferate.
Here, cultures of stool samples liquefied by both methods were investigated to compare
the influence of liquefaction methods on bacterial proliferation. Considering that E. coli is
the most abundant bacteria in a stool sample, the selective culture media, EMB agar, was

employed. In Figure 2.8, only a slight puncture is observed in the control group (PBS only)
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(R) (B) (C)
Control Standard Acoustofluidics

Figure 2.8: Photos of bacterial cell culture. The results show bacterial cells
inoculated on EMB agar in 100x20 mm culture dishes at different incubation times for (A)
negative control group (PBS only, without any stool sample), (B) liquefied stool sample
prepared using the standard method, and (C) liquefied stool sample processed by our
acoustofluidic device. Scale bar: 2.5 cm.

, while dark core-white shell colonies appear in both liquefied stool samples, suggesting
a sterile condition. The whitish shell stems from growth of gram-negative bacteria
incapable of fermenting lactose; and the dark core originates from the propagation of
gram-negative bacteria capable of fermenting lactose, which creates an acidic
environment and promotes the conjugation of eosin and methylene blue (Figures 2.8B&C
at 18 hrs). Increasing the incubation time from 18 hrs to 36 hrs, these colonies have
expanded in both liquefied samples, demonstrating favorable bacterial propagation
ability in both methods (Figures. 2.8B&C). We did, however, note that the green metallic
sheen, one of the important characteristics of E. coli culture, was not observed. This

phenomenon is presumably due to the co-culture of interfering whitish bacteria due to
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direct inoculation of stool samples on EMB. Similar lack of green metallic sheen has been
reported for culture of milk samples® and culture of E. coli with interference of whitish
colonies.” Overall, these results indicate that our acoustofluidic device is comparable with

the standard method in maintaining bacterial cells’ proliferation ability.

2.3.5. Fluorescence Microscope

P>0.05

Standard Acoustofluidics

Figure 2.9: Different fluorescence microscope images (100 x) of Live/Dead
BacLight stained liquefied stool samples prepared using: (A)-(B) a standard stool-
liquefaction procedure; (C)-(D) our acoustofluidic stool liquefier. Green fluorescence
represents live bacteria while red fluorescence refers to dead bacteria. (E) Comparison of
bacterial cell viability for the two liquefaction methods. For each method, four
independent experiments were conducted, and over 2800 bacterial cells were counted.
P>0.05 (ANOVA) represents that no significant difference between the two groups is
observed. Scale bar: 50 um.

Certain downstream applications of stool samples require intact live bacteria, such
as flow cytometry,” 7 bacteria detection’” 8 and culture,”” and therefore microscope
analysis was performed to assess bacteria viability. As shown in Figures. 2.9A-D, both live
(green) and dead (red) bacterial cells can be found in liquefied stool samples prepared

with either method. To measure the bacteria viability, a Matlab code was written to count

40



the number of live and dead bacterial cells. In total, over 2800 bacterial cells were
considered for each method. According to Table S1, the viabilities were estimated, which
are 39.2+17.5% and 39.1+10.6% for stool samples liquefied by standard method and our
acoustofluidic liquefier, respectively (Table 1). With a P value >0.05 in statistics, our
acoustofluidic liquefier presents similar capability as the standard method to preserve
bacterial cells” viability.

Table 1: The number of live/dead bacteria in the stool sample on different

days. Results were calculated using a fluorescence microscope image and a Matlab
counting program.

Methods Green Red Viability Average
154 632 19.3%
Standard 519 478 52.0% 39.2+17.5%
488 560 46.5%
769 780 49.6%
Acoustofluidics 207 524 28.3% 39.1+10.6%
581 883 39.6%

2.3.6. Flow Cytometry

Flow cytometry, an important analysis method for human stool samples,®” was
also utilized to quantitatively characterize the liquefied stool samples. Bacterial cells in
liquefied stool samples were stained with live/dead bacterial counting BacLight Kkit.

Cultured E. coli cells were first analyzed for setting the measurement condition of flow
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Figure 2.10: Flow cytometry for liquefied stool samples. Green fluorescence
(SYTO 9) and red fluorescence (PI) plot of the bacterial cells from liquefied stool samples
prepared by (A) a standard stool-liquefaction process and (B) our acoustofluidic stool
liquefier. SYTO 9, a membrane permeable stain, is employed to identify live bacterial cells
while PI, a membrane impermeable stain, is used to identify dead bacterial cells. The
percentage of live bacterial cells was 39.1 % and 45.1 % for (A) and (B), respectively.

cytometry. First, a clear separation and strong correlation coefficient has been
demonstrated between live and dead bacteria samples (y=0.98x-1.92, R?=0.997), indicating
an optimal measurement condition. Using these control settings, the bacteria viability in
liquefied stool samples was investigated. In both plots of Figure 2.10, two different
clusters, referring to live/dead bacterial cells, can be distinguished, but the distinction
between groups is not as clear as cultured E. coli. This could be attributed to the complex
bacterial constituents in stool samples. Another reason might be due to the presence of
bacteria cells at an intermediate state of life/death. In this case, different intracellular stain
ratios of SYTO 9 and propidium iodide (PI) occur and therefore some bacterial cells are
located in the region between two clusters.”® The percentage of live bacterial cells were

45.1 and 39.1%, for samples produced by the standard procedure and our acoustofluidic
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device, respectively. This value is consistent with the value obtained from our
fluorescence microscope analysis. All the above experiments reveal the biocompatibility

and liquefaction capability of our acoustofluidic device for stool samples.

2.4. Conclusions

We have demonstrated an on-chip stool liquefaction, for the first time, using an
acoustofluidic device. With a simple fabrication and operation, stool samples can be
homogenized at a throughput of 30 pL/min via strong acoustic streaming created by
oscillated sharp-edge structures in the acoustofluidic device. Different characterizations
show that our acoustofluidic device can not only liquefy stool samples but also preserve
the viability, integrity, and proliferation ability of bacterial cells. Moreover, stool samples
with different consistencies can be liquefied; this is extremely useful in clinical diagnostics
due to large variations in the consistency of stool samples. Additionally, our device’s
ability to operate in a continuous manner could provide stool analytes for downstream
applications at a consistent pace. With its unique characteristics of robustness,
biocompatibility, tunability, automation, and a small footprint, our acoustofluidic stool
liquefier is a promising candidate for on-chip stool liquefaction and can be potentially
combined with downstream on-chip stool analysis units, expediting the development of

POC stool processing and analysis platforms.
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3. Size- and Structure-Controlled Synthesis of
Polymeric Nanoparticles via Acoustofluidics

Size- and structured-controlled synthesis of polymeric nanoparticles, which can
be preferentially delivered to tumors, shows great promise in drug delivery. Although a
number of microfluidic approaches have attained reproducible nanoparticle synthesis, it
is still challenging to fabricate nanoparticles in a size and structure-controlled manner. In
this work, an acoustofluidic platform is developed to achieves important features for
polymeric nanoparticle synthesis that are difficulties to be realized in hydrodynamic flow
focusing method: (1) ultrafast mixing for size-tunable PLGA-PEG nanoparticle synthesis
from both low-molecular-weight and high-molecular-weight polymers, (2) three reagents
mixing for chitosan nanoparticles synthesis, and (3) sequential nanoprecipitation for
PLGA-lipid core-shell nanoparticle synthesis. The developed platform expands
microfluidic potential in nanomaterial synthesis, where high-molecular-weight polymers,

multiple reagents, or sequential nanoprecipitations are needed.

3.1. Motivation

Polymeric nanoparticles are capable of encapsulating and delivering thousands of
therapeutic molecules per particle for nanomedicine.” Among different nanoparticles,
nanoparticle size plays a significant role in optimal organ and cellular uptake; high-molecular-
weight polymeric nanoparticles can increase drug loading, prolong circulation half-life, and
extend the drug release profile; "2 core-shell hybrid nanoparticles such as PLGA-lipid are able

to combine the desired properties of polymeric nanoparticles and liposomes such as high
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drug loading and high serum stability; chitosan nanoparticles can used for hydrophilic
polynucleotides delivery. Using bulk synthesis methods, both low-molecular-weight and
high-molecular-weight poly (lactic-co-glycolic acid) (PLGA) nanoparticles (>45 kDa) have
been utilized largely in both research and biological applications.3'*'? Multi-step and multi-
fluid bulk synthesis methods also allow the design of novel multifunctional nanomedical
systems.'** However, these bulk methods suffer from batch-to-batch inconsistencies and
polydisperse outcomes.1? 10!

Benefiting from microscale fluid environments, microfluidic platforms provide a
promising alternative for reproducible polymeric nanoparticle synthesis.'>!"! To date,
microfluidic methods have demonstrated tremendous success in high-throughput synthesis
of budesonide nanoparticles” and reproducible nanoparticle synthesis from various
amphiphilic polymer systems, including poly (lactic-co-glycolic acid)-b-poly (ethylene glycol)
(PLGA-PEG),%? lipid vesicles, 3! and chitosan.*

Despite the above-mentioned achievements, microfluidic methods still have several
deficiencies in synthesizing polymeric nanoparticles. First, relying on diffusion between
laminar flow boundary, HFF method depends strongly on fluid flow rate and are unable to
mix multiple regents.> Second, high molecular weight polymers tend to aggregate within
microchannels and thus the corresponding nanoparticles are difficult to fabricate through
microfluidics.” As a result, current microfluidic methods tend to mainly focus on synthesizing

nanoparticles from low-molecular-weight polymers in single step mixing.»2 Taking the
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most widely utilized 2D HFF method as an example, high-molecular-weight polymers are
concentrated along boundary interfaces and lead to channel fouling.” 12 Although 3D HFF
microfluidic devices were specifically designed to address high-molecular-weight polymer
aggregation, these devices require precise control of the 3D fluid flow profile.” * Third,
difficulties remain in generating structured nanoparticles, such as two-layer or even three-
layer nanoparticles. For 2D HFF, the sidewall sheath fluids impede it from the capability to
sequentially assemble hierarchical nanoparticles.?* Usually, multiple microfluidic devices are
applied. By employing two separate HFF and Tesla microfluidic devices, researchers realized
sequential polymer assembly, but the intermediate procedures complicate fabrication and
increase uncertainty.!® Therefore, developing new microfluidic methods to generate
nanoparticles in a size and structure controlled manner from both low-molecular-weight and
high-molecular-weight polymers is necessary.

In this work, we present a 2D acoustofluidic (i.e, the fusion of acoustics and
microfluidics)412 platform for the synthesis of chitosan nanoparticles and PLGA based
nanoparticles with controlled size and structure, while eliminating polymer aggregation.
Different from hydrophilic glass microchannels,'?' our method exploits complete and
ultrafast micromixing to realize nanoparticle synthesis in multi-fluid and multi-step way, and
address polymer aggregation within the entire microchannel. By oscillating microscale sharp-
edges with acoustic waves, our devices generate micro-vortex streaming to completely mix

reagents in the entire microchannel 2120 Using the fine-tuned devices achieved in Chapter 2,
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we synthesized homogeneous PLGA-PEG nanoparticles with a tunable size from 55-120 nm
from low-molecular-weight polymers; homogeneous PLGA-PEG nanoparticles with a tunable
size from 75-255 nm from high-molecular-weight polymers. These uniform nanoparticles with
a wide size range are difficult to fabricate by existing microfluidic methods or bulk methods.*
Additionally, our devices synthesized core-shell PLGA-PEG/lipid core-shell nanoparticles,
providing a new method for sequential nanoprecipitation in a single device. Furthermore, we
synthesized uniform chitosan nanoparticles by mixing three different reagents. With its 2D
structure, and complete, sequential, rapid (<10 ms) micromixing, our acoustofluidic synthesis
platform can harness the benefits of microfluidics in a wider variety of scenarios, such as
synthesis of high-molecular-weight polymers, multiple reagents, and sequential

nanoprecipitation.

3.2. Materials and Methods
3.2.1. Chemicals

PLGA-PEG-COOH with molecular weights of 10, 20, 40 and 50 kDa for PLGA and
5 kDa for PEG were purchased from PolySciTech (Akina Inc., West Lafayette, IN, USA).
PLGA-PEG (70K-2K) and PLGA (5K-10K) were also purchased from PolySciTech (Akina
Inc., West Lafayette, IN, USA). PLGA-PEG-COOH with molecular weights of 10 kDa for
PLGA and 1 and 3 kDa for PEG were purchased from Nanosoft Polymers (Winston-Salem,
NC, USA). PLGA-PEG (90K-10K) was purchased from Creative PEGWorks (DLG-

10k90k31, NC, USA). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, ~733 Da,
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850355) and phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000 (DSPE-
PEG2000, ~2780 Da, 880135) were purchased from Avanti Poplar Lipids (Alabaster, AL).
Low-molecular weight chitosan, adenosine triphosphate (ATP), cholesterol (C8667, ~386
Da), and purified water (W4502) were purchased from Sigma-Aldrich (MO, USA).
Ethanol was purchased from VWR, USA. Phosphate-buffered saline (PBS) was purchased
from Life Technologies (2046802, 10X, USA). Acetonitrile was purchased from Grainger

(26WD84, NC, USA).

3.2.2. Device Fabrication

In this study, a piezoelectric element with a resonant frequency of 2.0 kHz was
used as acoustic transducer (AB2720B-LW100-R. PUI Audio Inc., OH, USA). To fabricate
the microchannel with sidewall sharp-edges, a SU8 mold was first prepared by standard
photolithography and deep reactive ion etching. Then, the mixture of PDMS base and
curing agent at a ratio of 10:1 (Sylgard 184, Dow Corning, MI, USA) was degassed and
poured on the SU8 mold. Once cured at 65 °C for 1 h, the PDMS microchannel was peeled
and bonded on a cover glass by oxygen plasma treatment. After that, the stack of the cover
glass and the PDMS microchannel was baked at 65 °C for 12 h. Finally, an acoustic
transducer was bonded on the same covers glass adjacent to PDMS channel using epoxy

(PermaPoxyTM 5 Minute General Purpose, Permatex).
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3.2.3. Nanoparticle Synthesis from Low-Molecular-Weight Polymers

PLGA-PEG precursor solutions were prepared by dissolving PLGA-PEG of
different molecular weights in acetonitrile at three concentrations (5, 10, and 20 mg/mL).
Unless otherwise indicated, the 10 mg/mL PLGA10k-PEGsk solution was used in most of
the experiments. In the case of acoustofluidic synthesis, the two solutions were injected
into the device through two separate inlets at varying flow rates. Unless otherwise stated,
PLGA-PEG solution and water were injected both at the flow rate of 10 uL/min. In the
case of bulk synthesis, 50 uL of PLGA-PEG in acetonitrile was mixed with 50 pL of purified

water on a vortex mixer for 1 minute.

3.2.4. Nanoparticle Synthesis from High-Molecular-Weight Polymers

For PLGA-PEG nanoparticle synthesis, three 1.0 mL syringes for polymer
precursor solution and water were co-injected into the microchannel. The flow ratio for
polymer and water was maintained at 1:10, unless otherwise indicated. The frequency for
acoustofluidic device was set to approximately 4.0 kHz and the input voltage was 38 Verr.
To synthesize nanoparticles by 2D HFF, we fabricated microchannels with the identical
geometry as the acoustofluidic device, except for the absence of sharp-edges. The flow
rates of the polymer stream and the two water sheath streams were maintained at 1
pL/min and 50 uL/min, respectively, keeping a flow ratio of 1:100 for polymer stream to

aqueous stream. For the synthesis of nanoparticles by bulk methods, 10 uL of polymer
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solution were mixed with 100 pL water solution using a vortex mixer (MX-S, Scilogex,

USA) for 1 min.

3.2.5. PLGA-PEG/Lipid Core-Shell Nanoparticle Synthesis

For PLGA-PEG/lipid core-shell nanoparticle synthesis, PLGA7xk-PEGx was
dissolved in acetonitrile with a concentration of 2.5 mg/mL. The lipid solution, which
composed of DPPC, DSPE-PEG2000, and cholesterol, were dissolved in ethanol at a
concentration of 0.8 mg/mL, 0.8 mg/mL, and 1 mg/mL, respectively. To prevent
aggregation between high-molecular-weight hydrophobic PLGA chains, polymers with a
PEG chain is needed. Meanwhile, the surface areas of PLGA nanoparticles should be
largely uncovered and exposed, to provide driving force for lipid-PLGA assembly by their
hydrophobic attraction between the PLGA and the lipid tail.# Based on a previous
publication,*” a high ratio of PLGA to PEG (>10:1) can lead to partial coverage of PEG on
the surface of PLGA nanoparticles. Thus, an ultra-high ratio of PLGA to PEG ratio (35:1)
was chosen. The synthesis of core-shell nanoparticles included two stages with three inlets
and one outlet. First, the solution of PLGA-PEG and water were separately injected into
inlets and mixed to generate PLGA-PEG core. Second, lipid solution was injected in one
middle inlet for self-assembly of lipid shell on the polymer core. The operation voltage
was 45 Ver and the flow rate of water was 20 uL/min. For liposome and PLGA7k-PEGzx
nanoparticle synthesis, the flow rates were both 3 pL/min. For PLGA-PEG/lipid

nanoparticle synthesis, the flow rate of PLGA-PEG solution was kept at 3 uL/min, while
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that of lipid solution increased from 1 uL/min to 7 uL/min. For the nanoparticles stability
studies in PBS and water, 25 uL of 10X PBS is pipetted into 50 uL. PLGA7k-PEGax solution
or PLGAnx-PEGax/lipid synthesized at a lipid flow rate of 1 pL/min, while three
consecutive additions of 25 puL of 10X PBS were added into 50 uL PLGA7x-PEGzk/lipid

and liposome solution, respectively.

3.2.6. Synthesis of Chitosan Nanoparticles

In this work, chitosan NPs were synthesized by mixing chitosan, purified water,
and ATP solutions together at different flow rate ratios. The water phase served to prevent
the chitosan solution from reacting with the ATP solution before synthesis. Once activated,
our device mixed the three solutions together and thus produced chitosan NPs. To
prepare the chitosan solution, we first conducted chitosan purification following the
procedures reported elsewhere.'? The purified chitosan was dissolved in acetic acid
solutions to obtain chitosan solutions of two different concentrations, 1 and 0.5 mg/mL.
The ATP solution was prepared by dissolving ATP in ultra-purified water at two different
concentrations, 1 and 0.5 mg/mL. It is important to note that for chitosan NPs synthesis,
pH values for both chitosan and ATP solutions are critical to whether ATP-initiated ionic
gelation can occur and thus, produce chitosan NPs. As a result, in this work both of them
were carefully adjusted to have a pH value of ~ 4, which was reported as a suitable value
for the synthesis of chitosan/ATP NPs."> For TEM imaging, TEM samples were prepared

by dispensing a drop of the sample solution containing the synthesized chitosan NPs on
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a 300-mesh carbon-coated copper grid for 30 minutes at room temperature. After the
chitosan NPs were adsorbed on the grid, they were negatively stained with sterile-filtered
uranyl-acetate aqueous solution and incubated for 5 minutes. The grid was finally washed

twice with distilled water and dried at room temperature before imaging.

3.2.7. Sample Characterization

For sample characterization, the average size and size distribution were measured
with the Malvern Zetasizer (Malvern Instruments, UK). For each measurement, 50 uL of
the sample was pipetted in a Malvern cuvette (NC0628994, Fischer Scientific, USA). At
least three measurements were conducted for each sample. For TEM imaging, 10 uL of
the synthesized nanoparticle suspension was placed on a 300-mesh copper grid (CF300-
Cu, Electron Microscopy Sciences, USA). After 10 min of incubation, a parafilm sheet was
used to adsorb the excessive nanoparticle solution. Then, the grid was negatively stained
with uranyl-acetate solution for 15 min. Finally, the grid was washed twice using distilled
water and dried at room temperature. The morphology of the sample was then observed

using a Tecanai G2 Twin TEM (FEI, USA).

3.3. Results and Discussion
3.3.1. Principle of the Acoustofluidic Synthesis Platform

Figure 3.1A shows the schematic design of the acoustofluidic synthesis platform.
A PDMS microchannel with sidewall sharp-edges and an acoustic transducer are bonded

adjacently on a cover glass.'”” When a driving voltage is applied, vibration from the
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Figure 3.1: Design and working principle of the acoustofluidic synthesis
platform for core-shell nanoparticle synthesis. (A) Schematic of high molecular weight
polymeric nanoparticle/lipid core-shell synthesis using micro-vortex streaming. (B)
[lustrative figure of the synthesized nanoparticle component layers, where the

hydrophilic layer is used to prevent aggregation between high molecular weight
hydrophobic polymer chains. (C) Stacked image of 10 pictures over 100 ms for 1.9 um
fluorescent beads trajectories showing the acoustic micro-vortex streaming. Scale bar: 200
pum. (D) With acoustics off, a laminar flow is observed in the microchannel. Scale bar: 200
um. (E) With acoustics on, three-step sequential micromixing is achieved in a single
device. In each step, different fluids are completely mixed at the tip of the first sharp edge
structure they encountered. (F) characterization for the mixing time of water and PLGAsox-
PEGsk at 30 mg/mL. Scale bar: 200 pum.

acoustic transducer oscillates sharp-edges within a microchannel. For amphiphilic
polymers, this oscillation generates acoustic micro-vortex streaming to mix amphiphilic
polymer solution and its anti-solvents (Figure 3.1A).12% 12 The amphiphilic polymers then

self-assemble into nanoparticles. During this process, the hydrophobic polymer chains are
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excluded from surrounding hydrophilic water molecules and arrange into hydrophobic
cores, while the hydrophilic chains extend into water molecules and function as a steric
hindrance layer to prevent aggregation between the hydrophobic cores'®132 (Figure 3.1B).

The first feature of our device is to synthesize nanoparticles from both low-
molecular-weight and high-molecular weight polymers. Specially, to prevent high-
molecular-weight polymer aggregation within a microchannel, the acoustofluidic devices
exploit complete, rapid micromixing to achieve successful polymer self-assembly and
preserve the hydrophilic shell and hydrophobic core structure in Figure 3.1B. In 2D HFF,
precipitated polymers are highly concentrated into a small interfacial region and
numerous polymers entangle with each other, resulting in polymer aggregation.” 12 Using
our micro-vortex streaming based devices (Figure 3.1C), the solvent exchange of polymer
solution and its anti-solvent is completed within an entire microchannel (Figures 3.1D and
E). This complete mixing disperses precipitated polymers uniformly within an entire
microchannel and reduces random polymer entanglements, allowing the successful self-
assembly of high-molecular-weight polymers. In terms of mixing time, bulk methods
suffer from polydispersity due to slow mixing.'*> This slow mixing creates a non-uniform
reaction environment and a temporally lengthy self-assembly process, leading to
inhomogeneous nanoparticles larger than 200 nm.* Instead, our acoustofluidic devices
completely mix laminar fluids at the tip of the first sharp-edge they encounter, when

acoustics switch from off to on (Figures 3.1D and E). This rapid, complete micromixing
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provides a uniform reaction condition for monodisperse synthesis of high-molecular-
weight polymeric nanoparticles, and then the hydrophilic surface layer on synthesized
nanoparticles prevents aggregation via steric hindrance effect.

Another important feature of this acoustofluidic device is its ability to perform
sequential nanoprecipitation. Considering that each micro-vortex streaming can serve as
a mixing site, multiple-step (>2) nanoprecipitation can be achieved conveniently by
introducing middle inlets into microchannels (Figure 3.1E). This unique feature is critical
for the future design of novel therapeutic compounding nanosystems, such as three-layer
multifunctional nanoparticles from the combination of lipid/stimuli responsive
peptide®5* and PLGA/lipid nanoparticles'3'4.

For the third feature of ultrafast micromixing for multiple reagents reaction, the
mixing time was characterized using fast camera microscope, as shown in Fig. 1F. Three
fluids including water, 30 mg/mL PLGAsx-PEGsk, and water were injected at a flow rate
of 25, 5, and 25 pL/min, respectively. The mixing time is observed to be less than 3 ms,
indicating an ultrafast, complete mixing.

With the ability to exclude polymer aggregation, mix multiple reagents and realize
sequential mixing, our acoustofluidic synthesis devices provide a pragmatic platform for
synthesizing size- and structure-controllable nanoparticles from both low-molecular-
weight and high-molecular-weight polymers, while maintaining the uniform reaction

environment of microfluidics.
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3.3.2. Controllable Synthesis of Low-Molecular-Weight Nanoparticles

(A)l

9.90 ms 11.88 ms 13.96 ms

y - y - .
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Figure 3.2: The mixing process of DI water and fluorescence dye under 50 Ver
characterized using a fast camera (Photron, 500K-M1) at different total flow rates. The
total flow rates are (A) 150 uL/min and (B) 90 uL/min, respectively. The flow rate ratio of
DI water and fluorescence dye is maintained at 1.

Undoubtedly, the ultimate homogeneity and reproducibility of nanoparticles
depend on the performance of the acoustofluidic synthesis device, that is, the mixing time.
Therefore, we first characterized the mixing time of two reagents reaction. In Figure 3.2,
the device was operated at a total flow rate of 90 puL/min at 35 Ver and 150 uL/min at 50
Ve, respectively. The average mixing time 7 was also estimated by the following
equation.!®

T= dmix /ang (31)

where, dwix is the distance from unmixed to totally mixed regions, and Vi is the average
fluid velocity. At 150 uL/min, T was calculated to less than 12 ms, being consistent with
the experimental value of 11.88 ms (Figure 3.2A). At 90 uL/min, t exhibited a calculated

and experimental value of approximate 8.07 ms and less than 9.9 ms, respectively (Figure
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3.2B). In previous microfluidic-based synthesis methods, T was 189 ms in surface acoustic
waves-based device,® 400 ms in 2D HFF device,® 7-53 ms for turbulent jet platform,°' and
4-25 ms in star-based acoustic micromixer.” These results indicate that our acoustofluidic
device can provide efficient and ultrafast reagent mixing for polymeric nanoparticle
synthesis.

We then investigated the performance of synthesized nanoparticles on driving voltages.
By altering the driving voltage and mixing performance, we synthesized PLGA-PEG NPs
with our acoustofluidic device. With the numerical model we previously developed,!” we
first predict the concentration distribution of solutions (i.e., the mixing performance)
under different vibration amplitudes of the sharp-edge structures (Figure 3.3A); as the
vibration amplitude is increased from Ao to As, enhanced acoustic streaming improves
the mixing performance. Improved mixing performance due to increased driving voltages
is also confirmed in experiments (Figure 3.3B), where complete mixing is achieved after
the first pair of sharp-edge structures when the device is activated with 30 Ver. Dynamic
light scattering analysis shows that as the driving voltage increases from 0 to 30 Ve, the
size distribution narrows and the NPs size decreases strikingly from ~17070 to 707 nm
down to 65 nm (Figure 3.3C). When the acoustofluidic mixing is off (0 Vrr), NPs can still
be formulated relying solely on the slow, diffusion-based mixing occurring in the interface
of the water and polymer solution, with an average size of 168.3 + 1.5 nm (polydispersity

index = 0.22 + 0.02). The diffusion-based mixing achieves complete solvent exchange on a
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time scale longer than that for polymer aggregation; as such, the polymers nucleate less
nanoparticle seeds and tend to aggregate on those seeds, eventually forming larger NPs.
Activating our device at 10 Vrr alone can lead to a significant decrease in the NPs size by
33% to 112.7 + 0.7 nm (polydispersity index = 0.19 + 0.02). Increasing the driving voltage
to 20 Ver further reduces the NPs size to 78.4 + 0.5 nm (polydispersity index = 0.16 + 0.01).
When driven at 30 Ver, our device produces PLGA-PEG NPs as small as 64.7 + 0.5 nm
with an average polydispersity index of 0.13 + 0.01 (Figure 3.3D). The reduces in size and
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Figure 3.3: Effect of the mixing performance of the acoustofluidic device on the
size of PLGA-PEG NPs. (A) Simulation results and (B) experimental results showing the
concentration distribution, i.e., the mixing performance, under different driving voltages.
(C) Size distribution, (D) average size, and (E) TEM images of NPs synthesized by our
acoustofluidic device under different driving voltages. As the driving voltage increases,
the size distribution becomes narrower and the NPs size is reduced markedly.
Experiments are conducted using 10 mg/mL PLGA10k-PEGsk under the driving frequency
of 4.0 kHz and the flow rate of 10 uL/min for both water and PLGA-PEG solution.
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driving voltages are expected and can be attributed to the rapid solvent exchange
facilitated by enhanced acoustic streaming. The size and uniformity of the NPs produced
under different driving voltages are also confirmed by TEM examination (Figure 3.3E).
These results show that our acoustofluidic method can reproducibly yield PLGA-PEG
NPs with a size variation of + 1 nm and a variation of + 0.02 in polydispersity index among
independent experiments, when using the same batch of PLGA-PEG precursor.

As a comparison to our acoustofluidic device, we synthesize PLGA-PEG
nanoparticles using vortex mixing. The PLGA-PEG nanoaprticles prepared by our
acoustofluidic platform feature narrower size distributions than those prepared by vortex
mixing, with the size-distribution curves nearly overlapping (Figure 3.4A). Our
acoustofluidic device produces NPs with an average size of 64.7 + 0.7 nm, which is ~39%
smaller than those prepared by vortex mixing (106.3 + 15.2 nm) (Figure 3.4B). TEM images
confirm that our acoustofluidic device generates smaller NPs of uniform size, and that
vortex mixing prepares larger NPs with a broader range of sizes (Figures 3.4C and D).
Quantitatively analyzing the TEM images, we further verify that the size of the NPs
prepared by the acoustofluidic device falls into a narrow size range with most of the NPs
being around 50~70 nm (Figure 3.4E), while vortex mixing yields NPs with sizes ranging
widely from 10 to 120 nm (Figure 3.4F). These results demonstrate that our acoustofluidic

method can generate nanoparticles with smaller size and better uniformity.
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Figure 3.4: Comparison of PLGA-PEG NPs synthesized by vortex mixing and
acoustofluidic mixing. (A) Size distribution and (B) average size of PLGA-PEG NPs
synthesized by the two different methods. TEM images of PLGA-PEG NPs prepared by
(C) acoustofluidic device and (D) vortex mixing. Histograms showing the size distribution
of the PLGA-PEG NPs synthesized by (E) acoustofluidic device and (F) vortex mixing.

To further highlight the robustness of our synthesis method, we compare the size
of nanoparticles produced by acoustofluidic device (20 Ver) to those prepared by
diffusion-based mixing (0 Vre; OFF) and vortex mixing, using PLGA-PEG precursors with
various molecular weights (MWs) (10K-1K, 10K-3K, 10K-5K, 20K-5K and 40K-5K) at
different precursor concentrations (5, 10, and 20 mg/mL). The diffusion-based mixing is
the scenario where the same synthesis device is used but not acoustically scenario where
the same synthesis device is used but not acoustically activated, removing the acoustic

streaming and leaving only diffusion to mix reagents. As the precursor concentration
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increases, there is an overall increase in size for all the molecular weights tested,
irrespective of the synthesis method (Figure 3.5A). For example, using the 10K-5K
precursor, the acoustofluidic device yields PLGA-PEG NPs of 73.1 + 1.58, 83.2 + 2.43, and
132.6 + 1.73 nm at the precursor concentrations of 5, 10, and 20 mg/mL, respectively.
Similarly, using the 20K-5K precursor, the acoustofluidic device generates NPs of 73.3 +
1.66, 79.85 + 1.33, and 131.6 + 3.7 nm at the precursor concentrations of 5, 10, and 20
mg/mL, respectively. Similar trends are observed for PLGA-PEG NPs prepared by the
bulk mixing and diffusion-based mixing. The acoustofluidic device always produces the
smallest NPs with highest reproducibility (i.e., smallest size deviation) and tightest size
distribution for all the molecular weights tested, regardless of the precursor concentration.
These results demonstrate that our acoustofluidic device is well suited for polymer-based
spherical NPs synthesis and that it allows for the reproducible synthesis of NPs using
various molecular weights of a precursor at varying concentrations.

Adjusting the volumetric ratio of a polymer precursor in a bulk solution could
significantly changes the size of NPs synthesized. We synthesize NPs by gradually
changing the flow rate of the polymer solution (from 1 through 9 uL/min), while keeping
the total flow rate in the channel constant (10 puL/min). The ability to completely mix two
solutions at varying flow rate ratios is first confirmed by experiments. Under the same
voltage, our acoustofluidic device can completely mix PLGA-PEG precursor and water at

varying flow rate ratios, thus yielding NPs with average sizes ranging from 57.27 + 0.98
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nm to 95.37 + 0.99 nm (Figure 3.5B). The NPs size decreases as the flow rate ratio is
decrease from 0.7 through 0.3, and interestingly, increases when the flow rate ratio is
further decreased from 0.3 through 0.1. This trend suggests that the flow rate ratio of 0.3
may be the optimal ratio to produce the smallest NPs, and these results demonstrate that

our device can control the NPs size by mixing two solutions at different flow rate ratios.
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Figure 3.5: Comparison of average size of PLGA-PEG NPs synthesized with
various parameters. (A) Dependence of the average size of synthesized PLGA-PEG NPs
on the precursor concentration and molecular weight, when prepared using different
methods: vortex mixing, diffusion-based mixing (0 VPP / OFF) and acoustofluidic device
(20 Vrep/ON). Results presented in (A) are obtained at a flow rate of 10 and 1 pL/min for
water and PLGA-PEG solution, respectively. (B) Effect of the volumetric ratio of PLGA-
PEG precursor in bulk solution on the NPs size. (C) Effect of the total flow rate on the NPs
size under the driving voltage of 20 Ver. (D) Effect of the total flow rate on the NPs size
under the driving voltage of 50 Vrr.
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To evaluate the dependence of NPs size on the total flow rate, we first synthesize
NPs at different total flow rates under a low driving voltage (20 Ver), where the flow rate
ratio of PLGA-PEG precursor and water remains at one to simplify the experimental
setup. As the total flow rate increases from 10 to 30 uL/min, the NPs grows from 67.3 + 0.9
nm to 83.2 + 1.4 nm and further raising the total flow rate from 30 to 40 uL/min increases
the NPs size by nearly 50 % to 120.5 + 2.0 nm; increasing from 40 to 60 uL/min leads to an
increase less than 5% to 125.0 + 2.7 nm (Figure 3.5C). As the total flow rate increases
beyond a certain point (40 uL/min in this case), the NPs size changes insignificantly and
becomes independent of the total flow rate. Therefore, when synthesizing at relatively
high flow rates, we must use higher driving voltages to maintain the mixing performance
and therefore, the small NPs size. With a driving voltage of 50 Vrr, for example, the NPs
size are reduced by more than 50% both at the total flow rate of 40 and 60 pL/min; at even
higher total flow rates, including 80 and 100 pL/min, the NPs size is maintained at 68.8 +
1.3 nm and 67.9 + 1.2 nm, respectively (Figure 3.5D). The ability to synthesize NPs at

relatively high flow rates reveals the potential to use our platform for high-throughput

synthesis of nanoparticles.

3.3.3. Controllable Synthesis of High-Molecular-Weight Nanoparticles
Our acoustofluidic devices’ ability to perform complete and ultrafast solvent

exchange can help prevent polymer aggregation. To test its effectiveness, we used the

acoustofluidic devices to synthesize PLGA-PEG nanoparticles from different polymer
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precursors, including those with high molecular weights and high concentrations.
Currently, three major stages are believed to be involved in the synthesis of PLGA-PEG
nanoparticles by nanoprecipitation.?®13% 135 First, after solvent exchange, hydrophobic
PLGA chains precipitate from the surrounding water molecules by excluding them into
certain ordered orientations, and disperse as unimers in the solvent mixture. Second, to
increase the system entropy and minimize the orientations, neighboring unimers attract
each other through PLGA chains and arrange into ordered oligomers (nuclei). The third
stage is the diffusion-dominated addition of more unimers on nuclei. This process
eventually terminates in the formation of kinetically locked PLGA-PEG nanoparticles,
where the hydrophilic PEG groups on the nanoparticle surface shield their PLGA
hydrophobic chains from the surrounding polar aqueous phase.!®

Based on the three stages, Figure 3.6A provides a hypothesis to illustrate the
discrepancy between PLGA-PEG nanoprecipitation in 2D HFF and the acoustofluidic
devices. For 2D HFF, the precipitated polymers are highly concentrated at a narrow
region, thus pushing high-molecular-weight polymers close enough to each other (first
stage in Figure 3.6A). Then, the chances for forming nuclei site are significantly enhanced,
and many nuclei sites can be generated on one hydrophobic PLGA chain, resulting in
polymer aggregates like dendrimers (second stage). Finally, these dendrimers connect to
each other and lead to three-dimensional polymer aggregate network (three stage).

Consequently, neighboring unimers fail to self-assemble into spherical nanoparticles, and
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Figure 3.6: Acoustofluidic synthesis of high molecular weight polymeric
nanoparticles without aggregation. (A) Schematic hypothesis illustrating the occurrence
of polymer aggregation in the 2D HFF device and the absence of polymer aggregation in
the acoustofluidic device. (B) The influence of polymer concentration on aggregation
using the 2D HFF device from 0.01 mg/mL to 1 mg/mL PLGA (5K-10K). All microscopy
images were captured at 1 min of operation. (C) Representative microchannel images
showing the macroscopic nanoprecipitation evolution of PLGA50K-PEG5K at 50 mg/mL
by 2D HFF and acoustofluidic devices. The microscopic images are taken at different time
scale: left (1 min), middle (3 min) and right (6 min).

the hydrophilic PEG chains cannot completely shield PLGA chains from aqueous phase.
In contrast, the acoustofluidic devices uniformly disperse PLGA-PEG unimers within the

entire channel, increasing the inter-distance between unimers (first stage in Figure 3.6A).
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In the second stage, the dispersed unimers are able to arrange into spherical form due to
its uniform dispersion and generate homogenous nuclei at the same timescale enabled by
the ultrafast mixing. In the third stage, due to the homogenous dispersion of dispersed
unimers and nuclei, the probability of adding unimers into nuclei is approximately equal,
forming monodisperse PLGA-PEG nanoparticles. The hydrophilic PEG on the NP surface
can then prevent the aggregation of nanoparticles and the adsorption of hydrophobic
PLGA on PDMS microchannel walls.130-132

We then experimentally investigated the two fundamental mechanisms, i.e., PEG
chains and uniform-dispersed polymers (low polymer concentration), in preventing
polymer aggregation within a 2D HFF and acoustofluidic microchannel (Figure 3.6B). For
comparison, we constructed acoustofluidic devices with polymer solution flowing in the
middle of the microchannel as 2D HFF devices. The mixing time (tmix) for 2D HFF is

estimated by Equation 3.2

oo w1
MIX  4p ~ 9D (1+R)?

(3.2)

Here, wy is the width of focusing region, D is the diffusivity of solvent, w is the
width of microchannel, and R is the total flow rate ratio of water to polymer. To decrease
mixing time, we chose the flow rate ratio of water, polymer, and water to be 50:1:50. For
D =10° m?/s, R=100, and w=600 um, the focusing width and mixing time are calculated to
be around 4 um and 4 ms, respectively, where the mixing time is small enough to generate

homogenous nanoparticles.””? Compared to the 4 um synthesis width, the 600 um
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acoustofluidic microchannel decreases polymer concentration almost 150 times. Figure 4B
shows that decreasing concentration can evidently alleviate PLGA aggregation in 2D HFF
device. At the same polymer flow rate of 1 uL/min and a flow rate ratio of 10:1 at 8 Ve,
the acoustofluidic devices prevent polymer aggregation through concentrations ranging
from 0.01 mg/mL to 1 mg/mL. For PEG chains, despite the occurrence of aggregation at 1
mg/mL PLGA (5-10K), aggregation disappears at 10 mg/mL PLGA10-PEGsk. These results
indicate the effectiveness of hydrophilic PEG and uniform dispersion in preventing
aggregation.130-132

Figure 3.6C compares the macroscopic evolution of polymer aggregation within
the microchannel using the acoustofluidic and 2D HFF devices for PLGAsx-PEGsk at 50
mg/mL. In 2D HFF, the flow rate ratio was still kept as 50:1:50, while this ratio was set to
15:3:15 for the acoustofluidic device to keep at a flow rate ratio of 10:1. When comparing
nanoprecipitation, we found that the acoustofluidic device can successfully prevent
polymer aggregation while such aggregation occurred quickly within 2D HFF
microchannel (Figure 3.6C). At 1 min, slight polymer aggregation appeared at the
interfacial region between aqueous sheath streams (2D HFF in Figure 3.6C). This event
further accumulated from 1 min to 6 min and restricted the mobility of polymers, resulting
in device fouling. When the concentration of PLGAs-PEGsk was increased to 90 mg/mL
in 2D HFF, microscale polymer fibers were observed both in the microchannel interior

and on the microchannel wall in less than 10 s of operation. This observation suggests that
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aggregation can occur not only between hydrophobic PLGA and PDMS, but also between

hydrophobic PLGA molecules themselves.
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Figure 3.7: Size-tunable synthesis of PLGA-PEG nanoparticles from high-
molecular-weight polymers. (A) Schematic of acoustofluidic device with high-molecular-
weight PLGA-PEG injected in the middle of microchannel. (B) TEM image of
acoustofluidic synthesized nanoparticles from PLGAwxk-PEGik at 50 mg/mL. The red
arrows refer to the PEG shell layers. Scale bar: 100 nm. (C) Comparison of polymer
aggregation of PLGAwxk-PEGik at 50 mg/mL within 2D HFF and acoustofluidic
microchannel. Scale bar: 200 um. (D) The dependence of nanoparticle sizes and size
distributions of synthesized nanoparticles from PLGAsx-PEGsk and PLGA9k-PEGiok on
polymer concentration, as well as the synthesis method. Here, X represents the failure of
nanoparticle generation and # refers to the occurrence of polymer aggregation.

After validating the macroscopic elimination of polymer aggregation, we then
compared the size and monodispersity of the synthesized nanoparticles. We first
measured the mixing time of water, 30 mg/mL PLGAsx-PEGsk, and water at a flow rate

of 25, 5, and 25 pL/min, respectively. The mixing time is observed to be less than 3 ms,
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indicating an ultrafast, complete mixing (Figure 3.1F). Figure 3.7A shows the schematic of
the acoustofluidic device with high-molecular-weight PLGA-PEG injected in the middle
of the microchannel. Figure 3.7B is the TEM image of the acoustofluidic synthesized
nanoparticles from PLGAwx-PEGuok at 50 mg/mL, where the PEG shell layers are clearly
observed and represented by the red arrows. This successful assembly preserves the
nanoparticle structure of PLGA core and PEG shell layer. In Figure 3.7C, polymer
aggregation is prevented within the acoustofluidic microchannel, which is consistent with
the construction of hydrophilic PEG shell layer on PLGA cores in Figure 3.7B. Figure 3.7D
shows the average size and size distributions of PLGAsk-PEGsk nanoparticles and
PLGAwx-PEGuk nanoparticles at different concentrations yielded by 2D HFF, bulk
vortexing method, and the acoustofluidic devices. The driving voltage is keptat 38 Vre. At
PLGAsk-PEGsk 10 mg/ml, the flow rates were 25 uL/min, 10 pL/min, and 25 pL/min for
water, polymer and water stream, respectively. At high concentration and molecular
weight, the flow rate is 25, 5, and 25 yuL/min for water, polymer and water stream, except
for PLGAsk-PEGsk at 50 mg/mL (15, 3, and 15 uL/min). For PLGAsk-PEGsk, three polymer
concentrations (10, 30, and 50 mg/mL) were applied because at 90 mg/mL the
microchannel is blocked immediately. For PLGAwk-PEGuok, polymer precursors with
higher concentrations (10, 50, and 90 mg/mL) were applied since the longer hydrophilic
PEG chains (10 K) could better prevent hydrophobic PLGA aggregation. The

acoustofluidic synthesis platform consistently generated nanoparticles with the narrowest
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dispersity and the smallest size and size variation among different measurements. In
contrast, bulk and 2D HFF methods yielded nanoparticles with distinctly larger sizes and
size variations, that is, poor reproducibility (Figure 3.7D). Especially for PLGAsk-PEGsk
at 50 mg/mL, both 2D HFF and bulk methods were unable to produce nanoparticles owing
to aggregation (indicated by X, Figures 3.6C, and 3.7D). These results demonstrate that
the acoustofluidic synthesis platform allows the size-tunable synthesis of homogenous

PLGA-PEG nanoparticles from high molecular weight polymers.

3.3.4. Multiple Reagent Mixing for Chitosan Nanoparticle Synthesis

In nanoparticle synthesis, rapid, yet uniform mixing of multiple liquids may be
required. This requirement, however, is quite challenging for many existing microfluidics-
based synthesis methods.” 13¢ 137 With an active-mixing strategy, our platform can easily
blend multiple liquids together at different flow rate ratios. As an example, our
acoustofluidic device can mix three liquids at a flow rate ratio of 1:1:1 (Fig. 3.8A). When
the transducer is off, the three liquids form a laminar flow (Figure 3.8A: Left), whereas
when the transducer is on, they are rapidly and completely mixed after passing the first
pair of sharp-edge structures (Figure 3.8A: Right). Having demonstrated the mixing of
three liquids, we then synthesize chitosan NPs by mixing 0.5 mg/mL chitosan solution,
water, and 1 mg/mL adenosine triphosphate solution (ATP), where the water stream
serves to isolate the chitosan solution from the ATP solution to minimize pre-reaction

between them before synthesis. In this demonstration, we fix the total flow rate in the
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Figure 3.8: Synthesis of chitosan nanoparticles based on the nanocomplexation
(NCP) mechanism using the acoustofluidic device. (A) Fluorescent images showing the
mixing performance of our acoustofluidic device for mixing three liquids. (B) The
acoustofluidic device in operation showing the synthesis of chitosan NPs by mixing
together ATP (-), water and chitosan solutions (+). (C) Average size and polydispersity
index of chitosan NPs synthesized at different ATP/chitosan flow rate ratios, where the
total flow rate and flow rate of water are set to 30 and 10 uL/min, respectively, and the
experiments are conducted under the driving voltage of 30 Ver. TEM images of chitosan
NPs synthesized at the flow rate ratio of (D) 13:7, (E) 9:11, and (F) 17:3, confirming the size
of chitosan NPs synthesized.

channel and the water’s flow rate to 30 and 10 pL/min, respectively, while varying the
flow rate ratio of ATP/chitosan solutions from 16:4 through 4:16. When the device is off,
chitosan solution, water, and ATP solution form a laminar flow having clear interfaces
(Figure 3.8B: OFF); once activated, our device can completely mix these three solutions
together without any fluidic interfaces observed (Figure 3.8B: ON), thus forming chitosan

NPs via ATP-initiated ionic gelation.!'2
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At first glance, each flow rate ratio yields a distinct size distribution, and reducing
the flow rate ratio shifts the size distribution towards larger NPs sizes. By adjusting the
flow rate ratio from 16:4 to 4:16, we can produce chitosan NPs with an average size
ranging from 53 to 155 nm and a polydispersity index ranging from 0.04 to 0.53 (Figure
3.8C). When prepared at flow rate ratios from 16:4 to 14:6, the size of synthesized chitosan
NPs decreases from 128 to 53 nm as the flow rate of the chitosan solution is raised, along
with a wide size distribution (polydispersity index = 0.59 to 0.25). Between the ratios of
14:6 and 4:16, the size increases from 54 to 155 nm as the flow rate of the chitosan solution
is increased, but features a narrow size distribution (polydispersity index = 0.06 to 0.16).
Chitosan NPs produced at the ratio of 13:7 have a relatively uniform size of 54.6 + 0.56 nm
and a relatively narrow size distribution (polydispersity index = 0.06 + 0.007), thereby
identifying an optimal flow rate ratio to synthesize chitosan NPs using our device. Figures
3.8D, 3.8E, and 3.8F show the TEM images of chitosan NPs prepared at the ratio of 13:7,
9:11, and 7:13, respectively, confirming the size and uniformity of chitosan NPs we
prepared. Supplementary TEM images also verify the size and uniformity for chitosan
NPs synthesized at other flow rate ratios. Furthermore, we synthesize chitosan NPs using
chitosan/ATP solutions of different concentrations (chitosan = 1.0 mg/mL; ATP = 0.5
mg/mL). After modifying the concentration, we produce the smallest chitosan NPs (49.5
+ 2 nm) at the flow rate ratio of 15:5, suggesting that 15:5 is the optimal flow rate ratio at

these given concentrations. With this optimal ratio, we then demonstrate that the size of
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chitosan NPs can be tuned from 42 to 98 nm by adjusting the driving voltage from 0 to 50
Vrr. These results demonstrate that by using our device, we can identify an optimal flow
rate ratio, for given reagent concentrations, to prepare chitosan NPs with desired
properties. The results also demonstrate that our platform can synthesize NPs where

mixing multiple reagents at different flow rate ratios is required.

3.3.5. Sequential Nanoprecipitation for Core-Shell Nanoparticle

Synthesis
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Figure 3.9: Sequential nanoprecipitation for core-shell PLGA70K-PEG2K/lipid
nanoparticles synthesis. (A) Microscopic images showing the solvent exchange of PLGA-
PEG solution with water solution in the first stage at the beginning of the sharp-edges,
and the mixing of PLGA core solution with lipid solution in the second stage in the middle
of the sharp-edges. Scale bar: 200 um. (B) Determination of lipid coverage on PLGA7k-
PEGzx NPs. As the ratio of PLGA to lipid increases, size of the hybrid PLGA7k-PEGex/lipid
is decreased. (C) Size distributions in PBS and water with the variation in the ratio of
PLGA to lipid. Complete coverage of lipid on PLGA core is observed at a PLGA to lipid
ratio of 3:7. Below this ratio, the inadequate lipid coverage leads to aggregated NPs in
PBS. (D) TEM image of core-shell PLGA7k-PEGzx/lipid nanoparticles. Scale bar: 50 nm.
(E) TEM imaging of polymer aggregation of PLGA7x-PEGzx nanoparticles. Scale bar: 50
nm.
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Sequential nanoprecipitation for hierarchical nanoparticles preparation enables
the development of novel multifunctional nanomedical systems. Specifically, PLGA-lipid
nanoparticles can entrap hydrophilic agents in lipid shells and hydrophobic agents in
PLGA cores.® Chitosan/Eudragit core-shell nanoparticles can release therapeutic
molecules in the targeted PH environment."®> However, the current 3D microfluidic
devices for sequential nanoprecipitation requires precise coaxial control’?® and the 2D
devices complicate the intermediate procedures by using two separate devices.” Here, we
demonstrate a two-step sequential nanoprecipitation for core-shell PLGA7x-PEGx/lipid
nanoparticle synthesis with high molecular weights.

Figure 3.9A shows the two-step nanoprecipitation for generating core-shell
PLGA7x-PEGax/lipid nanoparticles. In the first stage, the PLGA7nx-PEGzx solution is
completely mixed within a water solution, forming the PLGA polymer core with few PEG
chains extending into the water molecules. In the second stage, the polymer core solution
is mixed again within a lipid solution. Due to the high ratio of PLGA to PEG (35:1), the
majority of the surface area of the PLGA cores remains uncovered and exposed.#” The
small amount of PEG (2 kDa) is utilized to prevent aggregation between the high-
molecular-weight PLGA molecules (70 kDa). Eventually, under the hydrophobic
attraction between the PLGA and the lipid,'®® '* lipid molecules are assembled on the
surface of the PLGA cores (Figure 3.9A). To ensure that the synthesized nanoparticles are

hybrid particles rather than a combination of liposomes and PLGA nanoparticles,
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different polymer components were used, such as PLGA-PEG alone, lipid (DPPC/DSPE-
PEG) alone, or a combination of both. A sufficient coverage of lipid on a PLGA core would
prevent aggregation of PLGA NPs in PBS.® Size stability of nanoparticles was analyzed
in water and PBS as the lipid coverage changes by dynamic light scattering (Figure 3.9B).
In Figure 3.9B, PLGA7k-PEGzx nanoparticles suffer from a dramatic increase in size from
water to PBS, revealing a strong aggregation between uncovered polymer cores.
Liposome nanoparticles only show a slight increase, exhibiting a favorable stability. By
decreasing the PLGA7k-PEGax/lipid ratio from 3:1 to 3:7, the hybrid PLGA7x-PEGax/lipid
nanoparticles stabilize in both water and PBS. The size increase in the case of 3:1 PLGA to
lipid indicates that there is not enough lipid layer to further prevent the aggregation of
PLGA7x-PEGax NPs in water, and the addition of lipid layers leads to an increase in NP
size. In Figure 3.9C, a single volume peak rather than a double peak is observed in the size
distribution of PLGA7k-PEGzx/lipid with a ratio of 3:3 and 3:7. This further confirms the
hybrid core-shell nanoparticles structure. The core-shell structure of PLGA7k-PEGzx/lipid
was then revealed by TEM imaging (Figure 3.9D), while its counterpart of PLGA7k-PEGzx
displays strong aggregation phenomenon and the absence of a shell layer (Figure 3.9E).
These results suggest that lipid molecules are assembled on the PLGA core and that the

acoustofluidic device is capable of conducting sequential nanoprecipitation.
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3.4. Conclusions

We present an acoustofluidic platform to synthesize nanoparticles from high-
molecular-weight polymers in a size and structure-controlled manner. By systematically
evaluating the influence of device configuration parameters, the acoustofluidic devices
are fine-tuned to achieve micromixing in the entire microchannel with a timescale down
to 2-3 ms. The ability to perform ultrafast, complete mixing enables our acoustofluidic
platform to synthesize reproducible PLGA-PEG nanoparticles with high polymer
precursor molecular weight and concentrations that previously was not possible with
bulk mixing or most microfluidic approaches. The underlying mechanism results from
diminished polymer interaction by uniform dispersion. Nanoparticles produced by our
acoustofluidic platform exhibited favorable monodispersity and smaller nanoparticle
diameter relative to 2D HFF or bulk methods.

Additionally, this device provides a new method for sequential self-assembly in
a single device within a 2D structure. The core/shell PLGA-PEG/lipid nanoparticles were
prepared by the formation of PLGA core in the first stage and the coverage of a lipid layer
in the second stage. As each sharp-edge structure acts as an active mixing site, three or
four sequential nanoprecipitation steps could be achieved in the future for multi-layer
nanoparticle self-assembly. These synthesis abilities are especially desired for novel
multifunctional therapeutic nanosystems. With its simple 2D structure and complete,

ultrafast mixing nature, our acoustofluidic-based synthesis platform can harness the
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benefits of microfluidics in material synthesis to a broad set of scenarios, especially in
applications where high-molecular-weight polymer, viscous polymers, or multiple

polymer precursors are needed.
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4. A Disposable Acoustofluidic Chip for Nano/Micro
Particle Separation using Unidirectional Acoustic
Transducers

Separation of nano/micro particles based on surface acoustic waves (SAWs) has
shown great promise for biological, chemical, and medical applications ranging from
sample purification to cancer diagnosis. However, the permanent bonding of a
microchannel onto relatively expensive piezoelectric substrates and excitation
transducers renders the SAW separation devices non-disposable. This limitation not only
requires cumbersome cleaning and increased labor and material costs, but also leads to
cross-contamination, preventing its implementation in many biological, chemical, and
medical applications. Here, we demonstrate a high-performance, disposable
acoustofluidic platform for nano/micro particle separation. Leveraging unidirectional
interdigital transducers (IDT), a hybrid channel design with hard/soft materials, and the
tilted-angle standing SAW (taSSAW), our disposable acoustofluidic devices achieve
acoustic radiation forces comparable to those generated by existing permanently bonded,
non-disposable devices. Our disposable devices can separate not only microparticles but
also nanoparticles. Moreover, it can differentiate bacteria from human red blood cells
(RBCs) with a purity of up to 96%. Altogether, we developed a unidirectional IDT-based,
disposable acoustofluidic platform for micro/nano particle separation that can achieve

high separation efficiency, versatility, and biocompatibility.
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4.1. Motivation

Separation of nano to microscale particles such as exosomes,* 4 bacteria, "3 and
cells!* 1% is of great interest in a variety of assays from fundamental biological studies to
medical applications, including drug screening, disease diagnosis, and cell biology.'% 105
146 Towards the goal of separating bioparticles with high purity, yield, versatility, and
biocompatibility, researchers are continuously developing new separation technologies
by introducing a variety of physical principles, such as magnetophoresis,'®
dielectrophoresis,'¥” acoustofluidics,*® hydrodynamics,'* and photophoresis.'®® Amongst
these physical principles, surface acoustic wave (SAW)-based separation has recently
emerged as a promising technology, because it does not require labelling of target
particles/cells, 10148 151 yses relatively low electrical power,'?> 148 and has high precision and
versatility .66 10215215 With these advantages, SAW-based devices?> 33 36 110,144,155, 160-164 have
shown outstanding potential for separating microvesicles from red blood cells (RBCs),¢?
exosomes from whole human blood,* human breast cancer cells from leukocytes,' and
bacteria from peripheral blood mononuclear cells.!!

Ideally, the SAW separation chips should be conveniently replaced and disposed.
Disposable chips will help supply a sterile system, eliminate sample cross-talk, and
facilitate simple maintenance. However, in most SAW separation chips, the microfluidic
chamber is permanently bonded onto a piezoelectric substrate and excitation transducers.

Since the piezoelectric substrate and excitation transducers are often too expensive to be

79



disposed, this limitation necessitates cumbersome cleaning processes and can induce
cross-contamination, especially for biological and clinical samples. Therefore, it is
important to develop disposable SAW chips in which the microfluidic cartridges can be
separated from the piezoelectric substrate and excitation piezoelectric transducers. Thus,
only the microfluidic cartridges are disposable, while the piezoelectric substrate and
excitation piezoelectric transducers are reusable. To date, disposable SAW devices have
been introduced into different scenarios due to their significance for real-world
applications. Examples include droplet splitting'®® and sorting,!% 1 17 and particle
pattern,'® 19 deflection,'®" and separation.'”” For separation, Ma et al. separated 15 um
polystyrene (PS) particles from 10 um PS particles in a disposable microchannel with
polydimethylvinylsiloxane (PDMS) post using traveling SAWSs."”® Despite these
progressions, the performance of the currently demonstrated disposable SAW devices are
not as good as the permanently bonded SAW devices. For example, nanoparticle
separation or cell separation using a disposable SAW device has not been demonstrated.
This is likely due to the weak acoustic energy in disposable SAW devices.

In this work, we present a unidirectional interdigital transducers (IDTs) based,
tilted-angle standing SAW (taSSAW) chip for high-performance separation of nano-to-
micro sized particles in a continuous flow. To effectively transmit acoustic energy into our
disposable acoustofluidic (i.e., the fusion of acoustics and microfluidics)?? 5 61, 103 115,117, 170-

183 devices, a hybrid hard/soft polydimethylsiloxane (PDMS) microchannel was designed.
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The hard PDMS, which is different from the commonly used soft PDMS!' 185, has a low
acoustic attenuation coefficient!8¢ 187 and can be fabricated as an ultra-thin PDMS film,
enabling the increase of acoustic pressure in disposable microchannels. As a result, the
intensity of acoustic radiation force achieved in our disposable acoustofluidic device is
comparable to that in permanently bonded devices. Four different sized particles were
precisely deflected into separate and distinguishable streams, indicating its accuracy and
versatility. We have achieved separation of different particles with a wide size range from
200 nm to 10 um in a single device, including the separation of 2 and 4.5 um polystyrene
(PS) particles, 110 nm PS and 1 um PS particles, 400 nm PS and 660 nm silicon dioxide
(5i02) particles, and 100 nm PS and 200 nm Silver (Ag) particles. Additionally, our
disposable device showed a separation purity of up to 96% when separating Escherichia
coli (E. coli) from human RBCs.

Compared to previous reported disposable acoustofluidic devices that use travelling
SAW or standing SAW with bidirectional IDT designs,!0 161165 169 170 gur taSSAW device
generated with a unidirectional IDT design has the advantage of generating a stronger acoustic
field and achieving a larger separation displacement (distance variation between two types of
particles in the direction perpendicular to fluid flow). This advantage is achieved by the
unidirectional IDT design, the taSSAW design, and the hybrid hard/soft PDMS microchannel.
Our unidirectional IDT based taSSAW device drives particles using a strong, periodic acoustic

radiation force. With strong acoustic gradients and large separation displacements, our
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disposable acoustofluidic chip is capable of precisely separating not only microparticles but
also nanoparticles. In contrast, the existing disposable acoustofluidic devices can only
manipulate large micro-objects.! 19170 Our chip is also the first disposable acoustofluidic
device that demonstrates separation of biological cells. With its advantages of being versatile,
precise, label-free, and low-cost, we believe that our unidirectional IDT based disposable
devices can facilitate the development of acoustofluidic technologies into point-of-care

systems.

4.2. Materials and Methods
4.2.1. Device Fabrication

(A)

Unidirectional
IDTs

Lithium Niobate
Hard PDMS film

Figure 4.1: Principle of the disposable separation device. (A) Photograph and (B)
schematic for the disposable acoustofluidic separation chip using unidirectional IDT
based taSSAW design. (C) Patterning of 400 nm PS particles within disposable hard/soft
microchannels with a 13 pm hard PDMS film at 20 Ver using traveling waves with a
bidirectional IDT design (left), standing waves with a bidirectional IDT design (middle),
and standing waves with a unidirectional IDT design (right), respectively. For all these
three designs, disposable microchannels were placed on SAW substrates with a relative
orientation of 15” to IDT for comparison.
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As shown in Figure 4.1A, the unidirectional IDT based disposable acoustofluidic
chip consists of a reusable SAW transducer and a disposable microchannel. To fabricate a
reusable SAW transducer, a 128° Y-cut X-propagation LiNbOs (PWLN-431232, Pmoptics,
USA) wafer was chosen as the piezoelectric substrate. A set of 80 pairs of unidirectional
IDTs were patterned onto the LiNbOs using photolithography, followed by a deposition
of Cr (50 A) and Au (500 A) through e-beam evaporation (CHA Industries, USA). After a
lift-off process, IDTs were obtained with a feature size of 10 um and a wavelength of 120
um, corresponding to a resonance frequency of 33.13 MHz.

In Figure 4.1B, the disposable microchannel was fabricated by bonding the top soft
PDMS cavity to the bottom Gelest hard PDMS film. The top PDMS cavity with 800 um
width and 75 um depth was obtained by standard soft-lithography. Briefly, after
obtaining an SU-8 mold, a 10:1 mixture of soft PDMS base and curing agent (Sylgard184
Silicone Elastomer Clear, Ellsworth, USA) was degassed, poured onto the mold, cured for
1 h and peeled off. To fabricate the Gelest hard PDMS film, a 1:1 mixture of PDMS base
and curing agent (PP2-RG07, Gelest, Inc., USA) was spin-coated on a clean silicon wafer
via a spin coater (WS-650MZ-23NPPB, Laurell Inc., USA) and partially cured at 65 °C for
20 min. Gelest hard PDMS is a different composite material relative to Sylgard 184 PDMS,
and has not been applied in acoustofluidic devices previously. The hardness was
measured as 8.62 MPa for Gelest hard PDMS, and 4.11 MPa for Sylgard soft PDMS using

nanoindenter (Hysitron Ubi-1, USA). The acoustic attenuation coefficient and speed of

83



sound in Gelest hard PDMS and Sylgard soft PDMS were also measured (Figure 4.2).
Then, this Gelest hard PDMS film was bonded with the Sylgard soft PDMS cavity and
baked at 65 'C overnight. During this process, the soft PDMS cavity was treated with
oxygen plasma to enhance its bonding strength with the Gelest hard PDMS film. Finally,
with van der Waals forces induced self-adhesion, the disposable microchannel was gently
pressed and attached to a SAW substrate at a relative orientation of 15° through markers

on LiNbOs, forming a disposable acoustofluidic chip.

Water tank
|_-—Sample holder
<+— Sample
L1 Lz
S et e >
Pi R > <«—Back surface|
Transducer
P, -
Front surface Water

Figure 4.2: Schematic of the experimental setup for acoustic performance
measurement. A sample with a thickness of L2 is submerged in water. One transducer
facing the sample at a known distance of L1 excites an acoustic wave and receives its
reflection from the back and front surface of the sample.

Table 2: Acoustic performance comparison between “hard PDMS” and “soft PDMS”

Acoustic attenuation coefficient (dB/cm)
Material Speed of sound (m/s)
1 MHz 2MHz | 3MHz | 4MHz | 5 MHz
“Hard PDMS” 1166 m/s 1.8 2.6 3.5 3.8 4.4
“Soft PDMS” 996 m/s 2.0 5.3 9.2 12.9 18.3
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For the comparison of different disposable acoustofluidic devices, disposable
microchannels with different types of PDMS film were fabricated, including 13 +0.8 um
(2,200 rpm/min for 3 mins) and 20 +1.5 um (1,500 rpm/min for 3 mins) Sylgard soft PDMS
films, and 13 +0.5 pm (1,500 rpm/min for 3 mins) and 20 +1 pm (1,000 rpm/min for 3 mins)
Gelest hard PDMS films. Gelest hard PDMS curing agent and base were mixed at a ratio
of 1:1, while soft Sylgard PDMS curing agent and base were mixed at 1:10. Note that
attempts have been made but failed in fabricating a PDMS film at a mixing ratio of 1:1
using Sylgard 184 PDMS. The thickness of PDMS films was measured using a
profilometer (Dektak 150, Bruker, USA). These different disposable PDMS channels were
then assembled on the same IDT substrate, respectively. For the comparison of non-
disposable and disposable acoustofluidic devices, the same IDT substrate is then
permanently bonded with soft PDMS cavity through oxygen plasma treatment, to
fabricate non-disposable acoustofluidic devices. For clarification, the Gelest hard PDMS
and Sylgard soft PDMS will be referred as “hard PDMS” and “soft PDMS” in the later

sections.

4.2.2. Experimental Setup

Different PS particles included non-fluorescent PS particles (10 pum, 6 um, 4.5 um,
and 1 um Polysciences, USA), green fluorescent PS particles (2.0 um, 1.0 um, 400 nm, and
110 nm, Bangs Laboratories, USA), Ag nanoparticles (200 nm, 796360, Sigma-Aldrich,

USA) and SiO: nanoparticles (660 nm) were suspended in DI water containing 0.5 %
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sodium dodecyl sulfate (SDS) as samples. To prepare the mixture of bacteria and RBCs,
E. coli (8739, ATCC, USA) was cultured in a sterilized Miller's LB Broth medium
(20716002, Cellgro, USA), and then stained with a BacLight kit (L7007, Invitrogen, USA).
After that, 3 uL of RBCs (SER-10MLRBC, Zen-Bio, USA) and 20 uL of cultured E. coli were
mixed in 1 mL PBS filtered with a 0.2 um filter (514-0072, VWR, USA). The final
concentration for RBCs was calculated as approximately 1.1 x107 particles/mL using a
hemocytometer, and that for E. coli was measured as approximately 5.0 x10°¢ particles/mL
via a microreader (BioTek, USA). Before experiments, all the microchannels were treated
with 1% bovine serum albumin (Sigma-Aldrich, USA) solution for 5 min to prevent the
adsorption of particles on microchannel.

During all the measurements, SAW devices were driven by a function generator
(E4422B, Agilent, USA) and an amplifier (25A250A, Amplifier Research, USA). The
targeted sample and sheath fluids were injected into microchannel inlets by a syringe
pump (neMESYS, Cetoni GmbH, Germany). The flow rate of sample and two sheath
fluids were set as 2, 2, and 6 pL/min, respectively, for particle and bacteria separation
unless otherwise stated, while they were 0.3, 10, and 10 pL/min, respectively, for
hydrodynamic focusing. For particle deflection and separation, and bacteria separation,
SAW devices were placed on a Peltier cooling system (TEC1-12730, Hebei I.T., China) and
experimental processes were monitored with a charge-coupled device (CCD) (CoolSNAP

HQ2, Photometrics, USA) on an upright microscope (BX51W1, Olympus, Japan). For
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particle velocity test, the processes of particle patterning at different input voltages were
recorded with a high-speed camera (500K-M1, Photron, Japan) on an inverted microscope
(Eclipse Ti, Nikon, Japan) and analyzed using Image] (NIH, USA). Separated samples
were collected from two microchannel outlets with 1.5 mL microtubes (8081811, Sarstedt,

Germany).

4.2.3. Sample Characterization

In order to provide a benchmark comparison for our acoustofluidic devices, SEM
and flow cytometry were applied to analyze separation performance. For SEM imaging,
separated particles were dropped on a clean silicon wafer, dried in a chemical hood,
sputtered with gold, and then observed with an electron microscope (FEI XL30, FEI, USA).
For flow cytometry, 50 uL of mixed E. coli and RBCs, separated E. coli, and separated RBCs
were diluted with 1 mL PBS in a 5 mL tube (352235, Falcon, USA), respectively. After that,
the samples were tested by a flow cytometer (BD FACSCanto B, USA) and analyzed using

Flow]o software (Flow]Jo, Flow]Jo, LLC, USA).

4.3. Results and Discussion

4.3.1. Characterization of Disposable Acoustofluidic Chips with Hybrid
Hard/Soft Material Design

To develop a disposable acoustofluidic chip for bioparticle separation, we
introduce taSSAWs generated y unidirectional IDTs into a disposable PDMS
microchannel. Figures 4.1A and B illustrate the concept and working mechanism for the

disposable acoustofluidic chip, which consists of a reusable SAW substrate and a
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disposable PDMS microchannel. The SAW substrate is a LINbOs patterned with a pair of
parallel unidirectional distributed IDTs (Figure 4.3) to address the weak acoustic energy
generated in disposable microchannels. In Figure 4.4, the unidirectional IDT proves to
have a much larger transmission energy of S21 in the “toward” configuration relative to
the “away” configuration, while bidirectional IDT has almost equivalent 521 in “toward”
and “away” configurations, demonstrating the directionality of our unidirectional IDTs.
Specifically, the peak value of 521 for unidirectional IDTs is ca. -5 dBm while it is ca. -11.2
dBm for bidirectional IDTs, indicating that under the same experimental conditions,
unidirectional IDTs can generate SAWs with higher vibrational amplitudes than
traditional bidirectional IDTs. The disposable microchannel has a soft PDMS cavity
enclosed by a hard PDMS film. Under the Van der Waals forces induced self-adhesion,'®
188 the closed, disposable microchannel was assembled between IDTs on the LiNbOs at an
orientation of 15° relative to IDTs. When the IDTs are activated, two identical and
opposing traveling SAWs would be generated, and propagate along the surface of the
LiNbOs. These traveling SAWs constructively interfere with each other and form a
standing SAW. Such a standing SAW generates parallel pressure nodal lines at the specific
angle of 15° with respect to the disposable microchannel, termed as “taSSAW” (Figure
4.1B). This taSSAW transmits through the hard PDMS film and couples into disposable
microchannels. Once transmitted taSSAWs meet with particles, acoustic radiation force

would be exerted on particles toward the pressure nodal lines.3* 122 With particle
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patterning, we further compared traveling waves with a bidirectional IDT design,
standing waves with a bidirectional IDT design, and standing waves with a unidirectional
IDT design in Figure 4.1C. The results demonstrate that standing waves with a
unidirectional IDT design can generate much stronger acoustic field and larger acoustic
radiation force on particles than the other two designs.

Different particles with different intrinsic physical properties (such as size,
density, and compressibility) would experience differential acoustic radiation forces and
move differently in the microfluidic channel. This discrepancy in movement can be
leveraged to achieve micro/nano particle separation. Meanwhile, as the pressure nodal

lines lie across the whole disposable microchannel at the angle of 15°, the separation

Floating Electrodes

Reverse

Forward \ ‘

Figure 4.3: The unidirectional interdigital transducer (IDT) design with floating
electrodes. The floating electrodes increase the intensity of the forward wave by
decreasing the reverse Rayleigh-mode surface acoustic waves (SAWs).
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Figure 4.4: Comparison of unidirectional IDT and bidirectional IDT. (A)
Schematic toward, away, and paired IDT configurations for the reflection S11 and
transmission S21 measurements. Here, “toward” configuration means that two identical
SAWs propagate toward each other, while “away” configuration means that two identical
SAWs propagate against each other. For both “toward” and “away” configurations, one
side of the IDTs is measured as S11 and the other side is measured as S21. “Paired”
configuration means that a pair of IDTs are connected together and both measured as S11.
(B) Unidirectional IDT response as a function of frequency, for the “toward”, “away” and
“paired” configurations. (C) Bidirectional IDT response as a function of frequency, for the
“toward”, “away” and “paired” configurations. For comparison, the bidirectional IDT are
simply designed in an inverse layout for the “toward” and “away” configurations. The
results show that the unidirectional IDT has a smaller S11 than the bidirectional IDT at
the resonance frequency in all three configurations, suggesting a weaker reflection and a
stronger resonance effect. More importantly, the unidirectional IDT has a much larger 521
in the “toward” configuration relative to the “away” configuration, while the bidirectional
IDT has almost equal 521 in the “toward” and “away” configurations, demonstrating the
directionality of our unidirectional IDT.
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displacement would be much larger than the acoustic wavelength. Once finished with a
given acoustic separation test, the disposable microchannel can be easily replaced by
peeling off the used PDMS-based microfluidic channel and aligning a clean microchannel
assembly to the same SAW substrate. Hence, our devices can avoid cross-contamination;
meanwhile, they can significantly reduce the average cost for multiple tests, since only the
low-price PDMS channel needs to be replaced, while the expensive LiNbOs substrate and

excitation piezoelectric transducers are reusable.

pressure x10° (Pa)
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Figure 4.5: The performance of disposable acoustofluidic chips in the absence
of fluid flow. (A) Schematic illustrations and corresponding numerical simulations for
permanent bonded channel, disposable soft microchannel with a 20 um soft PDMS film,
and disposable hybrid hard/soft channel with a 13 um hard PDMS film illustrate the
influence of coupling layer in acoustic pressure transmission. (B) Patterning of 10 um PS
particles in a disposable acoustofluidic device with a hybrid hard/soft PDMS channel. (C)
Quantitative performance comparison of a permanently bonded acoustofluidic device to
a disposable device by measuring 10 um particle velocity during their patterning at
different input voltages. (D) Comparison of the taSSAW field by patterning 400 nm PS
particle in a disposable channel with a 20 um soft PDMS film (left), a 20 um hard PDMS
film (middle), and a 13 um hard PDMS film (right).
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The performance of the disposable acoustofluidic device is related to the
transmitted taSSAW in closed, disposable microchannels, which generates acoustic
radiation force on particles/cells. The acoustic radiation forces are proportional to the
square of acoustic pressure.'* To enhance the acoustic pressure within the disposable
microchannel, we employed a hybrid hard/soft PDMS channel to enhance the acoustic
transmission. In particular, we bonded a Sylgard soft PDMS cavity onto a 13 pum Gelest
hard PDMS film (Figure 4.5A). For comparison, the soft PDMS channel in Figure 4.5A has
a thickness of 20 pm due to fabrication limitation. Gelest hard PDMS has a much smaller
acoustic attenuation coefficient (#4432 dB/m) than Sylgard soft PDMS (23798 dB/m),
which can reduce acoustic attenuation in PDMS film (Table 2). Additionally, the larger
acoustic impedance of Gelest hard PDMS (=1.13 MPa-s/m) compared to Sylgard soft
PDMS (=0.96 MPa-s/m) enables a smaller impedance mismatch between water (=1.49
MPa-s/m) and PDMS film, enhancing acoustic transmission (Table 2). Thus, whereas
61.9% of the acoustic pressure is transmitted into soft PDMS channel, the transmitted
acoustic pressure is increased to 92.1% in the new hybrid hard/soft PDMS channel
(Numerical simulation in Figure 4.5A). When compared to a permanently bonded device,
the magnitude of the acoustic radiation force is only reduced by 15.2% within the
disposable device using the hybrid hard/soft PDMS channel, whereas the radiation force

is reduced by 61.7% within the disposable device using the soft PDMS channel. With this
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larger acoustic radiation forces, our disposable device using the hybrid hard/soft PDMS
channel would improve its capability to manipulate small particles.

We next quantitatively analyzed the taSSAW acoustic field in permanently
bonded devices and disposable devices by calculating particle velocity during
manipulation. In Figure 4.5B, when the taSSAW was applied, 10 um PS particles were
patterned homogeneously and periodically along the pressure nodes, indicating
uniformly coupled acoustic waves. We have also observed diffractive effects within both
disposable microchannels and permanent bonded channels,'® which do not adversely
affect the particle separation process. During this acoustic patterning process, particles
were subjected to an acoustic radiation force, which aligned particles from random
dispersion to pressure nodes; as such, the particle velocity provides an indication of the
acoustic radiation force.'®® The quantitative characterization of 10 um PS particle velocities
during their patterning is given in Figure 4.5C. To ensure accuracy, disposable
microchannels with different PDMS films and permanent microchannel were attached on
the same SAW substrate. To check the variability between experiments, we measured the
particle velocities of four different disposable hybrid channels on the same SAW substrate
at 20 Vrr (28.2 dBm). The results from these experiments yielded an average velocity of
202 + 16.3 pum/s (+ one standard deviation), demonstrating the consistency of our
disposable acoustofluidic devices. In comparison with the commonly used, permanently

bonded device, the results indicate a 43% to 55% loss of particle velocity when using the
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disposable device with a soft PDMS bottom film, but only a 2% to 10% loss for our devices
with a hybrid hard/soft PDMS across varying input voltages from 4 to 20 Vrr (14.2 to 28.2
dBm). Based on the numerical simulations in Figure 4.5A, the numerical loss difference
between disposable devices using the hybrid channel and soft channel is approximately
46.5%, which matches well with the experimental difference (41%-45%). Note that a small
mismatch (c.a. 10%) exists between the experimental and numerical calculation of the
acoustic radiation force discrepancy for disposable devices, which can be attributed to the
deviation in the calculation of the acoustic attenuation coefficient. To further examine the
influence of the coupling layer on taSSAW field, 400 nm PS particles were patterned using
disposable devices with different PDMS film (Figure 4.5D). Clearly, nanoparticles were
patterned periodically along the tilted-angle direction via the transmitted taSSAW on both
hybrid hard PDMS channels, even with a thickness of 20 um. With its larger acoustic
radiation force, our disposable device has a much greater capability for manipulating
small particles. Overall, these results imply that the intensity of acoustic waves generated
in our disposable devices is comparable to that in commonly used, permanently bonded
devices.

Compared to the reported 85% to 90% loss of particle velocity in previous
disposable devices,'® 3% which cannot be used to separate nanoparticles, the significant
improvement in our disposable acoustofluidic device can be attributed to the following

reasons. First, the taSSAW generated by unidirectional IDTs provides a strong acoustic
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field. Second, in our hybrid hard/soft microchannel design, hard PDMS has a much
smaller acoustic attenuation coefficient, larger acoustic impedance, and a smaller film
thickness than commonly used soft PDMS, which significantly improves acoustic energy

transmission.

4.3.2. Disposable Acoustofluidic Chips for Particle Deflection
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Figure 4.6: Disposable acoustofluidic chips for particle defection in a
continuous flow. (A) Trajectories of 6 um PS particles with and without taSSAW acoustic
field. Scar bar: 500 um. The red arrow represents the direction of particle deflection, which
is consistent with the entire article. (B) Trajectories of 6 um PS particles at different
acoustic intensities. (C) Trajectories of 10, 6, 4.5, and 2.0 um PS particles at the same
acoustic intensity. (D) Schematic for particle position adjacent to pressure node. (E)
Schematic of size-based particle deflection with respect to net forces. (F) The relationship
between displacement difference and particle volume ratio.

Separation of bioparticles results from discrepancies in their deflections. Using our
disposable acoustofluidic devices, we analyzed the relative deflection displacement of

particles before conducting particle-separation experiments. To ensure accuracy, three-
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inlet hydrodynamic focusing was applied, allowing particles to enter consistently into the
same position in the acoustic field. As shown in Figure 4.6A, when the taSSAW was not
applied, particles flowed through the microchannel in a single stream. Once the taSSAW
was applied, particles were deflected along the pressure node line. The deflection of the
particles are determined by the acoustic radiation force (Fr), which pushes particles
toward pressure nodal lines, and the Stokes drag force (Fs), which hinders the motion of

particles'® (Figure 4.6B). These two forces can be expressed as follows:

P 2
F,=- ( 2 Avﬁf) ¢ sin(2KL) 4.1)
F;=-6mnrv (4.2)
_ 50,720 _ ﬁ_}’
vt 4.3)

where po, A, ¢, k, and L represent acoustic pressure amplitude, acoustic wavelength,
acoustic contrast factor, acoustic wavenumber, and the distance from particle position to
the pressure node, respectively, and fr, 1, and pr are the compressibility, viscosity, and
density of fluid, respectively. By, pp, v.7, and v are the compressibility, density, volume,
radius of particles, and the relative velocity of particle to fluid, respectively. Among these
parameters, the acoustic contrast factor ¢ determines the direction of acoustic radiation
force. PS particles have positive ¢ (0.437), and therefore were deflected to pressure nodes.

Figure 4.6C displays the influence of acoustic intensity on the deflection distances
(distance of migration of one type of particles in the direction perpendicular to fluid flow)

of 6 um PS particles. With increasing voltage from 20.1 to 31.2 Vrr (28.6 to 32 dBm), the
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extent of particle deflection first increases, and then remains unchanged. According to
Equation (4.1), the increase in drive voltage from 20.1 to 25.6 Ver (28.6 to 30.3 dBm)
increases the acoustic radiation force and therefore the net force. In this way, particles at
25.6 Vrr (30.3 dBm) would move closer to the tilted-angle pressure node. With a further
increase in the drive voltage from 25.6 to 31.2 Ver (30.3 to 32 dBm), particles remained at
positions adjacent to pressure node, and cannot pass through the pressure node.
Otherwise, the strong acoustic radiation force would drive particles back to pressure node
quickly (Figure 4.6D). In other words, the angle of particle deflection is limited by the
tilted angle of pressure nodes. Therefore, the difference in displacement between particles
can actually be reduced at a high acoustic intensity, meaning that a moderate acoustic
intensity is needed to achieve optimum separation performance.

Figure 4.6E shows the relationship between particle deflection and particle size (2,
4.5, 6, and 10 um). This is in good agreement with the fact that in Equations (4.1) and (4.2),
the acoustic radiation force increases proportionally to the volume (7°) of the particle, but
the Stokes drag force increases proportionally to the radius of particle (r). As a result,
particles with a larger size move closer to the tilted-angle pressure node, while particles
with a smaller size do not have enough net force to move to the pressure node, as shown
in Figure 4.6B. Figure 4.6F shows the relationship between particle volume ratio and
deflection displacement difference. Here, 2 um particles were selected as the base, and

compared to 10, 6, and 4.5 um particles, respectively. Based on Equation (4.1), a larger
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particle volume ratio should lead to a larger difference in acoustic radiation force, and
thus a larger difference in deflection displacement. This reasoning is in good agreement
with the result in Figure 4.6F, demonstrating the excellent controllability and sensitivity
of our disposable acoustofluidic chips. Our device’s controllability enables the deflection
of a single stream of particles, while its sensitivity allows the precise size-based

differentiation while using a single frequency in a single device.

4.3.3. Disposable Acoustofluidic Chips for Nano/Micro Particle
Separation

Outlet for 1 pm particles

Figure 4.7: The taSSAW field in disposable acoustofluidic chips for the
separation of 1 um fluorescent particles and 6 pm non-fluorescent PS particles. (A)
High-performance separation was maintained despite the increased throughput. 2+2+6
puL/min: the flow rates of the sample and the two sheath fluids were 2, 2, and 6 uL/min,
respectively. (B) Bright-field, fluorescent, and merged images within the acoustic working
region. The flow rates of the sample and the two sheath fluids were 2, 2, and 6 pL/min,
respectively. (C) SEM images showing the sample before (the mixture of 1 and 6 um
particles) and after acoustic separation (collected from two outlets of the disposable
microchannel).
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After exploring the dependence of particle deflection on acoustic intensity and
particle size, we demonstrated the separation of 1 um and 6 um particles in a continuous
flow, as shown in Figure 4.7. Here, the diameters of 1 and 6 um particles are
approximately equivalent to that of E. coli and human RBCs, respectively.!# 1% Thus, these
particle sizes will provide insight into our upcoming bacteria and RBC separation
experiments. The separation performance was evaluated using the fluorescent and
stacked bright-field images at the outlet region. Figure 4.7A shows the separation
performance between 1 and 6 um particles at different flow rates. The flow rate of the first
sheath flow for sample focusing is the same as the sample flow rate, while the second
sheath flow for sample transfer is three times the sample flow rate. For example, 2, 2, and
6 puL/min were used for the sample, first and second sheath flows, respectively. At the
same time, the acoustic intensity was optimized to maintain enough lateral displacement
for 6 um particles. Specifically, the drive voltage is 22.8 Vrr (29.3 dBm) at the sample flow
rate of 2 and 4 pL/min, but 29.1 Ver (31.4 dBm) at the sample flow rate of 6 uL/min. Overall,
the deflection of 6 um particles caused by the acoustic radiation force decreased with
increasing sample flow rate. Despite this decrease, most of 6 um particles were still driven
to the upper outlet and successfully separated from 1 um particles at the sample flow rate
of 6 uL/min. Some 1 pm particles were also deflected, but this slight deflection did not
push the 1 um particles far enough, and the majority of them still exited through the

bottom outlet. Figure 4.7B displays the images in the working region of the disposable
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acoustofluidic device. The acoustic radiation force pushed 6 um particles along the
pressure nodes and separated them from the original mixture. Figure 4.7C provides
scanning electron microscope (SEM) images of the original and separated samples. At a
sample flow rate of 2 uL/min, 50 uL of each solution was collected, concentrated, and then
went through SEM. In the original sample, a uniform mixture of 1 and 6 um particles was
observed. After separation, only a few 1 um particles were found in the outlet for the
separated 6 pm particle specimen, while 6 um particles are absent in the 1 um particles

specimen, indicating an effective separation.

(A) 110 nm PS & 1.0 um PS 20pm PS & 4.5 ym PS 110 nm PS & 200 nmAg 400 nm PS & 660 nm SiO,
1 / nic

45mes/

» 7 i : /
660 nm SiO,

400 nm PS/

200 nm Ag 110 nm Ps/

Figure 4.8: Disposable acoustofluidic chips for nano/micro particle separation
in a continuous flow. (A) Bright-field and fluorescent images at the outlet region for
different mixtures of dissimilarly sized particles. These combinations are shown from left
to right as 110 nm and 1.0 um PS particles, 2.0 um and 4.5 um PS particles, 110 nm PS
particles and 200 nm Ag particles, and 400 nm PS particles and 660 nm SiO: particles. (B)
Bright-field, fluorescent, and merged images within the acoustic working region for the
separation of 110 nm PS particles from 200 nm Ag particles, and 400 nm PS particles from
660 nm SiO2 particles.
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With the disposable acoustofluidic device, separation of nano-to-micro particles
with small size differences and small particle size (i.e., nanoscale) also becomes feasible.
We demonstrate the efficient separation of 110 nm PS and 200 nm Ag particles, 400 nm PS
and 660 nm SiO: particles, 110 nm and 1 um PS particles, 1 pm and 4.5 um PS particles, 2
pum and 4.5 pm PS particles, 2 um and 6 um PS particles, and 6 and 10 pum PS particles.
According to the influence of acoustic intensity on particle separation, the drive voltage
was optimized as 35.2 Ver (33.1 dBm) for 1 um PS, 200 nm Ag, and 660 nm SiO2 separation,
but 24.9 Ver (30.1 dBm) for 4.5 um PS separation. In Fig. 8A, in different scenarios, the
large particles, which were subjected to a large acoustic radiation force, have been
deflected away from the small particles. Meanwhile, small particles remained in the
sample stream and exited microchannel through the bottom outlet. With the disposable
device, we first demonstrated the size-based PS microparticle separation, with a very
small size down to 200 nm, with a very small size difference in 2 ym and 4.5 pm, and with
a very small size ratio in 6 and 10 um (Figure 4.8A). We then showed the nanoparticle
separation for 110 nm PS particles and 200 nm Ag particles, 400 nm PS particles and 660
nm SiO: particles (Figures 4.8A and B). To achieve favorable separation performance, the
flow rate of sample and two sheath fluids for nanoparticle separation was tuned to 2, 2,
and 5 pL/min, respectively. The large acoustic radiation force experienced by the 200 nm

Ag and 660 nm SiO: nanoparticles, resulting from their significantly larger acoustic
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contrast factor relative to PS particles (¢ is 0.437 for PS, 2.295 for Ag and 1.786 for SiOz),'!

pushes Ag and SiO: particles.

4.3.4. Disposable Acoustofluidic Chips for Bacteria Separation
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Figure 4.9: Disposable acoustofluidic chips for bacteria separation. (A) Bright-
field and fluorescent images for bacteria separation via the disposable acosutofluidic chip.
(B) Flow cytometry results of the E. coli and RBCs mixture, the separated E. coli, and the
separated RBCs.

To further demonstrate its capability for purification of biological samples, our
disposable acoustofluidic chips were used to separate E. coli bacteria from human RBCs
in phosphate buffered saline (PBS). The capability of separating bacteria from human
blood cells would promise rapid diagnosis in blood related diseases such as sepsis.'4! 14>
1% In order to observe the E. coli bacteria clearly, they were stained with a live/dead
BacLight kit (L7007, Invitrogen, USA)."> Accordingly, images of the live bacteria with
green fluorescence were recorded. Fig. 6A shows the bright-field and fluorescence images
for RBCs and E. coli, respectively. When exposed to the taSSAW field at 25.6 Vrr (30.3
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dBm), the majority of the RBCs were pushed away from the bottom outlet to the upper
outlet. Specifically, an acoustics on-off-on process was recorded to show the movement
trajectories of RBCs. In comparison, even with the acoustic signal on, E. coli continued to
exit the channel through the sample stream (right image in Figure 4.9A), demonstrating
an excellent separation from RBCs. We further characterized the performance of bacteria
separation using a flow cytometer. Figure 4.9B shows the flow cytometry results of the
original mixture, the separated E. coli, and the separated RBCs. In the plot of forward
scatter (FSC) and side scatter (SSC) (Fig. 9B), E. coli and RBCs populations can be
distinguished easily due to their large size difference. For the original sample, the ratios
of RBCs and E. coli to the total number of cells were 69.3% and 30.1%, respectively. After
separation, this ratio for the RBCs increased to 94.0% in the top outlet collection, while it
increased to 96.1% for E. coli in the bottom outlet collection. The viability of bacteria was
also measured as 99.8% before SAW separation and 97.5% after SAW separation, showing
good biocompatibility of our disposable acoustofluidic devices. In previous research, Ai.
et al. separated peripheral blood mononuclear cells (PBMCs) from E. coli with a purity of
95.65% using a permanently bonded SAW device, where the concentration of E. coli and
PBMCs were both approximately 3 x10¢ particles/mL."”° These results indicate that our
disposable acoustofluidic device can achieve comparable cell/bacteria separation
performance relative to the permanently bonded SAW devices, validating its potential for

future real-world applications.
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4.4. Conclusions

In this work, we developed a disposable acoustofluidic platform by assembling a
disposable microchannel onto a reusable piezoelectric substrate coated with IDTs. A pair
of unidirectionally distributed IDTs was designed to generate a strong taSSAW field. To
improve acoustic energy transmission, a hybrid hard/soft PDMS channel design was
employed, in which a hard PDMS film with a thin thickness and a low acoustic
attenuation factor was used as the microchannel bottom enclosure. We then demonstrated
a strong taSSAW acoustic field within disposable microchannels by concentrating 400 nm
PS particles along tilted-angle pressure nodes. Particle velocity measurements also reveal
that the intensity of acoustic radiation force achieved in our disposable acoustofluidic
chips is comparable to that in devices with permanently bonded channels. The ability to
distinguish the deflection distances of four different sized particles indicates the favorable
controllability and sensitivity of our disposable devices.

For particle separation, our unidirectional IDT-based disposable acoustofluidic
chips can separate nano-to-micro particles, and also differentiate bacteria from human
RBCs. We demonstrated that particles with a wide size range from 200 nm to 10 um can
be separated. For example, the separation of 2 and 4.5 um PS particles with relatively
small size difference indicates the accuracy and sensitivity of our disposable devices. And
the separation of 200 nm Ag particles from 110 nm PS particles and 660 nm SiO: particles

from 400 nm PS particles suggest the capability of our disposable device for nanoparticle
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separation. Additionally, an efficiency up to 96% was achieved for bacteria and human
RBCs separation. With its features of being biocompatible, label-free, efficient, versatile,
and cost-effective, this technology would significantly expedite the implementation of
acoustic separation systems into practical biomedical and clinical applications, such as cell

phenotyping, sample purification, cell and bacteria separation.
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5. Topological Acoustofluidics

Topological wave materials offer thriving possibilities for unconventional wave-
matter interactions in the fields of photonics, acoustics, and elastodynamics. However,
topological phenomena are mainly limited to one single medium and the potential of
topological materials that support multi-physics coupling remains unexplored. Here, we
realize valley-hall topological insulators at the interface of a phononic platform that
supports surface acoustic waves and a fluidic layer, referred to as topological
acoustofluidics. The multi-physics effect is manifested by experimentally observed chiral
vortices in water fluids analogous to the valley vortex fields in wave dynamics by tracking
fluorescent tracer nanoparticles, which are facilitated by the energy transport from the
solid domain to the liquid domain. Topologically protected edge states are constructed
along a Z-shaped interface in fluids that can generate topological pressure well to
reversibly manipulate pseudo-biological polystyrene particles. A ring resonator is further
demonstrated on an anisotropic substrate which exhibits a new degree of freedom to
topological materials. These results demonstrate the rich physics and promote the study
of topological materials across multiple physical interfaces, and open doors towards the

application of topological insulators in life sciences.

5.1. Motivation

Topological insulators are materials that behave as insulators in the bulk but

support backscattering-immune conduction for electrons on their surface.?® Originating
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from condensed-matter physics, their studies have recently expanded to the realm of
phonons and photons, overturning some of the traditional views on wave propagation.
For example, unidirectional wave transport,'®® negative refraction,?® and non-Hermitian
acoustics' have been realized using sonic crystals in air. Thanks to the advancement of
modern microfabrication technologies, topological insulators have recently been realized
on solid-state photonic?® and phononic on-chip platforms?. This chip-scale renovation is
pushing the surging topological physics to real-world applications, such as terahertz
photonic communication,'® topological photonic laser'” and phononic beam splitter.2*
Despite its great success in solid and airborne systems, the demonstration of topological
states in liquids is scarce.

Liquids that are similar to solids and gases constitute another fundamental
medium of wave propagation and are essential in life sciences. Vortex states, one
prominent feature in topological wave phenomena, have been difficult to measure in solid
or air medium.!” 1% A liquid medium, however, offers unique advantages for the direct
visualization of topological spin textures by decorating tracer particles. For example,
topological valley vortex state, topological skyrmion, meron, and anti-meron state may
map to unique streaming patterns. Similar visualization technique has been developed in
superfluid for observation of quantum turbulence and vortices, but is absent in
topological photonics and phononics. Besides, the unusual states in topological matter

could provide exotic possibilities for robust manipulation and transport of biological
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samples in life sciences. For example, the valley vortex state can be applied to clockwise
or counterclockwise biological particle rotation in a synchronous direction. The back-
scattering immune edge state could enable back-movement immune transport of
biological samples and novel ring resonator for viral biosensing. While topological
transport of water waves was realized in a time-reversal symmetry-broken system,'” the
active-liquid and large-scale dimension limit the system for practical applications. Up to
now, the direct realization of topological fluid phenomena on a single chip, that is,
microfluidics is extremely difficult and has not been reported due to fabrication
difficulties and the complexity of the multiphysics nature of the system. Specifically, the
coupling effect between the solid substrate and the fluid adds to the complexity of both
numerical modeling and experimental demonstration.

Another difficulty in implementing on-chip topological waves for life science is
that the on-chip substrate is typically anisotropic. This anisotropy alters the edge states of
the system and makes edge state bandwidth dependent on wave propagating directions.
Recently, an unusual anisotropy of topological edge mode for superconductivity has been
revealed in natural occurring materials.?’* 2! This anisotropy is crucial because edge state
bandwidth changes with its orientation relative to the substrate and because edge states
in different orientations are required in beam splitter and ring resonator. Additionally,

the orientation angle can serve as a new degree of freedom to tune topological wave
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propagation. However, the realization of angle-dependent topological edge states on an
artificial platform remains unexplored.

Here, we propose the concept of an on-chip, passive-liquid topological valley hall
insulator for surface acoustics waves (SAWs) in solid and fluid domains, defined as
topological acoustofluidics. The main idea is to utilize lithium niobate-based valley
phononic crystals (VPCs) and microfluidics to provide a chip-scale platform for
topological phenomena investigation in multiphysics systems and particle manipulation
in life sciences. Topological phenomena are realized in the substrate and the fluid domain
by coupling effect and energy transport. Remarkably, we experimentally observed chiral
vortex streaming along the topological interface, which allows back-movement immune
transport of nanoparticles, analogous to the back-scattering immune wave transport.
Different from the solid domain or the air domain, the topologically protected edge states
are also able to generate topological pressure wells for reversible particle manipulation
localized in unit cell dimension. Moreover, we found that the bandwidth of edge states
depends strongly on the anisotropy of the lithium niobate substrate, which translates to
the orientation angle of the topological interface. Leveraging this angle-dependent
topological state, we constructed a ring resonator for potential biosensor applications.
These results suggest rich physics stemming from the energy transport and coupling

effects across different physical systems. It is hoped that the work will promote
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topological materials in multiple physical systems and open new routes for the

application of topological matter in life sciences.

5.2. Methods
5.2.1. Sample Fabrication

The fabrication process begins with excitation interdigital transducers (IDTs)
pattern transfer by photolithography onto the piezoelectric lithium niobate (LiNbOs)
wafer, followed by metal (Cr/Au 5/150 nm) deposition by an electron-beam evaporator.
After a lift-off process in acetone, a metal (Ti/Cu 10/200nm) seed layer is deposited on
LiNbOs wafer by a second electron-beam evaporator. The phononic structure patterns
were transferred on the LINbOs wafer by photolithography and development of a AZ9260
photoresist in a AZ400K 1:4 developer. With 30 um AZ9260 photoresist as a mask, the
phononic crystals of copper pillars were electroplated on the LiNbOs wafer. Then, acetone,
APS-100 copper etchant and buffered oxide etchant solution were sequentially used to
remove the photoresist and copper seed layer between phononic structures. Finally, a
PDMS microchamber with punched holes for fluid injection was bonded on the device

chip for characterization.

5.2.2. Experimental Measurement

The fabricated topological acoustofluidic devices were characterized by tracking
fluorescent polystyrene particles in the water layer. Before fluorescent particle solution

loading, we injected a 5% Pluronic F-127 (Sigma-Aldrich) solution into PDMS
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microchamber and maintained the solution for 10 mins to avoid particle adhesion on
copper pillars. Once mounted on a microscope stage, the devices were driven by a
continuous sinusoidal signal sweeping from 22-26 MHz generated by a functional
generator (E4422B, Agilent, USA) and magnified by an amplifier (25A250A, Amplifier
Research, USA). The chiral vortex streaming was monitored with an inverted fluorescent
microscope (Eclipse Ti, Nikon, Japan) and the particle concentration was recorded with
an upright fluorescent microscope (BX51W1, Olympus, Japan). For transmission
measurements, a gaussian pulse was generated by a function generator (AFG3011,
Tektronix, USA) and magnified by the amplifier before being sent to the excitation IDTs,
while the transmitted signal was received by output IDTs and measured by an
oscilloscope (Tektronix, DPO3034). The experimentally measured spectra are normalized

to acoustic wave transmission in fluids at the same distance.

5.2.3. Numerical Simulation

All full-wave simulations were carried out through a commercial finite-element
solver (COMSOL Multiphysics 6.0). In band structure and band diagram calculations, an
eigenfrequency study was conducted with Floquet periodic boundaries. In intensity,
pressure and velocity fields calculations, the frequency domain study was performed with
the low-reflection boundary imposed on the outer boundaries. The top layer of water fluid
is modeled by a soft boundary, considering the in-plane vibration of copper pillars. And,

the “piezoelectric effect multiphysics’ is applied to couple the solid mechanics module and
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electrostatics module; “acoustic-structure multiphysics’ is applied to couple the solid
mechanics module and pressure acoustics module; laminar flow module is applied to
calculate fluid flow pressure and velocity. For material properties, the anisotropic LiNbOs

are =202 Gpa, c2=193 GPa, c33=221 GPa, cu=75.3 GPa, ¢55s=56.8 GPa, cs6=ce5=-5.9
Gpa, ces = (c11—c12)/2=77.9 Gpa. The properties of electroplated copper pillars are density

8,960 kg m=3, Poisson ratio 0.34, Young’s modulus 95 GPa determined by nanoindentation
(Bruker Hysitron TI980 Triboindenter), height 28 um measured by 3D optical profiler

(Zygo New View 5000).

5.3. Results and Discussion
5.3.1. Design of On-Chip Topological Acoustofluidic Device

Figure 5.1a displays a schematic of our topological acoustofluidic device. In our
implementation, the SAWs on the lithium niobate chip, known as Rayleigh waves, are
periodically modulated by copper-based VPCs in the water domain, leading to band-like
valley states. The copper pillars are electroplated in a hexagonal lattice (Figure 5.1b) and
can transport valley state energy from solid VPC domain to liquid water domain. As
shown in the unit cell of Figure 5.1c, when the small pillar vibrates vertically, the large
pillar transfers its gyro rotation energy to vortex energy in the fluid domain by solid-fluid
coupling effect. The topologically protected phononic edge state therefore can be

constructed in water at the interface between inverted valley hall phases VPC1 and VPC2.
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Figure 5.1: Design of a topological acoustofluidic chip with valley state modes.
a, schematic of the proposed topological acoustofluidic device on a 128° Y-cut X-
propagation lithium niobate wafer, where VPCs in water fluids are bonded with a PDMS
microchamber. b, SEM image of the electroplated copper pillars in a hexagonal lattice with
lattice constant a=72 pum. ¢, schematic of a valley mode in one unit cell with two dissimilar
copper pillars surrounded by water fluids. The diameters for large and small pillar are d.
and ds, respectively, while the height for the copper pillar and water fluid is hc and hw,
respectively. The red color scale and red arrows represent z-oriented displacement of
small pillar and valley vortex around large pillar, respectively. d, Band structure of the
water layer integrated VPC on lithium niobate for SAWSs. The red and blue lines represent
dispersions without and with inversion symmetry, and the grey lines denote the sound
line of SAW in water fluids. e, Simulated mode profiles at the first band (q+) and second
band (p-) of the K valley in d. The color scale denotes z-oriented energy field, while black
arrows show the Poynting energy flow. f, Time evolution of simulated displacement field
and Poynting energy flow of g+ and p- valley states.

The parameters of the unit cell, that is, pillar sizes dr and ds, pillar height hc, and water
height hware rationally designed to ensure that: (1) a large bandgap is opened to achieve
narrow edge-state confinement by enlarging sublattice asymmetry; (2) well-defined non-

trivial berry curvature by reducing sublattice asymmetry; and (3) the fluid height hw, is
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not too small so that the valley state energy can be transferred successfully from solid
domain to liquid domain.

Figure 5.1d shows the band structure before and after breaking the spatial
inversion symmetry of the system. When di=ds=0.4a, the VPC preserves Cs symmetry and
features Dirac cones in the momentum space (K and K’ valley). When dv # ds, the inversion
symmetry is broken to Cs symmetry, and a band gap is opened from 21.5 MHz to 24.5
MHZz near the Dirac frequency. To reveal the features of valley states in water fluids on a
solid chip, we investigated the eigenstates at the first (p-) and second band (g*) of K valley,
as depicted in Figure 5.1e. In contrast to the gyro rotation in the solid domain,? the valley
states in solid/liquid domain carry anticlockwise and anticlockwise vortex convoluting
around Gamma point in the lattice. Clearly, p- state carries a clockwise energy flux, while
q* state carries an anticlockwise energy flux. In Figure 5.1f, this opposite chirality is further
illustrated by six sequential instants of g* and p- valley states at a phase step of 60°. Not
only the energy flux but also the pillar displacement moves in opposite directions as a
periodic function of time from t=0 to t= 2m/w. The feature at K' valley is then

straightforwardly predicted by time-reversal symmetry.

5.3.2. Experimental Visualization of Chiral Vortex Streaming at Valley
Projected Edge State

Next, as shown in Figure 5.2, we construct a kink type straight interface by
combing two VPCs with opposite phases. At the same band, the opposite chirality at K

and K’ valley is ascribed to the inversed pillar size difference (Ad = di-ds), as displayed by
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Figure 5.2: Experimental characterization of chiral vortex streaming feature of
edge state in fluids. a, schematic of the proposed topological acoustofluidic device on a
128° Y-cut X-propagation lithium niobate wafer, where VPCs in water fluids are bonded
with a PDMS microchamber. b, SEM image of the electroplated copper pillars in a
hexagonal lattice with lattice constant a=72 pm. ¢, schematic of a valley mode in one unit
cell with two dissimilar copper pillars surrounded by water fluids. The diameters for large
and small pillar are dr and ds, respectively, while the height for the copper pillar and water
fluid is hc and hw, respectively. The red color scale and red arrows represent z-oriented
displacement of small pillar and valley vortex around large pillar, respectively. d, Band
structure of the water layer integrated VPC on lithium niobate for SAWs. The red and
blue lines represent dispersions without and with inversion symmetry, and the grey lines
denote the sound line of SAW in water fluids. e, Simulated mode profiles at the first band
(gt+) and second band (p-) of the K valley in d. The color scale denotes z-oriented energy
field, while black arrows show the Poynting energy flow. f, Time evolution of simulated
displacement field and Poynting energy flow of g+ and p- valley states.the hexagonal

structure of pillars in real space and valley points in momentum space (top in Figure 5.2a).
Therefore, two VPCs with opposite phases can appear at K valley: VPC1 of clockwise
feature with Ad= di-ds (middle) and VPC2 of anticlockwise feature with -Ad= di-ds
(bottom). Figure 5.2b shows the fabricated interface between VPC1l and VPC2 with

opposite Ad on each side. Based on the bulk-edge correspondence, a pair of valley-
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projected edge states appear at the interface: one at K valley propagates forward, and the
other at K valley propagates backward.?? This prediction is consistent with the
simulations in Figure 5.2c. In Figure 5.2¢, the dispersion of the valley kink state denoted
by the solid and dashed red lines represent edge states projected from the K and K’ valleys,
respectively. For a certain wavevector, there is only one edge state within the bandgap
due to their opposite group velocity.

We then experimentally measure the acoustic transmission in VPCs with a straight
interface or no interface to verify the existence of edge states in solid/liquid domains. In
Figure 5.2d, an evident dip in transmission, from 22 MHz to 25 MHz, is shown in a VPC
without an interface. In contrast, for VPC with a straight interface, the transmission almost
reaches unity. This clear difference indicates that the valley projected edge state can
propagate along the interface in the water domain. One of the most important features of
topological edge states is the chiral vortex along the interface. Figure 5.2e shows the
simulated chiral vortex feature of acoustic pressure fields along the straight interface in
fluids. Different from a solid or air domain, the fluid domain enables the visualization of
these spin textures by tracking the trajectories of fluorescent particles. Figure 5.2f
experimentally confirmed this chiral vortex by the clockwise and counterclockwise vortex
streaming of 200 nm PS particles in fluids along the straight interface. Data is processed
from video through a PIV program in MATLAB. For valley edge state coupled from the

solid domain to the liquid domain, the valley edge state of SAWs first induces gyro-rotate
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5.3.3. Topological Pressure Wells at Edge-State Pathways for
Reversible Particle Manipulation
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Figure 5.3: Experimental demonstration of robust edge states for reversible
particle manipulation in an acoustofluidic chip. a, Schematic of topological fluid
pressure wells around domain interface for reversible particle manipulation. The red color
and blue color represent energy field and fluid pressure field, respectively. b, Simulated
energy field and fluid pressure field in unit cell dimension around domain interface (top).
Measured fluorescent intensity distribution of fluorescent particles around domain
interface with acoustics on and off (bottom). ¢, Measured fluorescent intensity spectra at
positions far from (point A), near (points B, C, and D) and without (point E) domain
interface in d. The blue region represents the frequency range of the edge state. d,
Simulated energy field and measured fluorescent intensity distribution for VPCs with a
Z-shaped interface and no interface at the frequency of 23.85 MHz, respectively.
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of large copper pillars, and this rotation is transferred to fluids in the form of vortices
surrounding large pillars. Then, three large pillars work together to generate anti-vortices
convoluting around the hexagonal structure center. Moreover, the back-movement
immune transport of the nanoparticles is consistent with the backscattering-immune
wave propagation. These results prove the valley edge states in fluids and provide a
technology to visualize topological spin textures.

In solid or air domain, the chiral vortex feature appears at the Gamma point of the
lattice. In contrast, in solid/fluid domain, there exist topological pressure wells
surrounding small pillars in unit cell dimension. This phenomenon appears when the
height of the water fluid is close to that of copper pillars. To verify robust topological
pressure wells, we fabricated a sample by integrating VPC1 and VPC2 with a Z-shaped
interface in the water domain for particle manipulation. Figure 5.3a shows a schematic for
topological pressure wells to reversibly manipulate particles. With SAWs on, particles are
concentrated on small pillars; with SAWs off, particles are released from small pillars.
Figure 5.3b shows that the simulated pressure well matches well with movement of
particles in unit cell at domain interface. In the top panel, the simulated maximum energy
field is on solid-state small pillar, while the minimum pressure field is near small pillar.
In the bottom panel, the measured experiments show the concentration of 1 um PS
particles on small pillars with SAWs on, and the release of those particles with SAWs off.

This reversible particle manipulation is driven by acoustic radiation force, which pushes
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PS particles to pressure minimum region. This remarkable feature unveils the unique
topological phenomena in a multiphysics coupled system and could find potential
applications in localized biological sample manipulation.

On the other hand, another prominent feature of the valley projected edge state is
their robustness to sharp corners due to the absence of inter-valley scattering. To
characterize the robust propagation of valley edge states, we measured the fluorescent
spectra at selected spots far from (point A), near (points B, C, and D) and without (point
E) Z-shaped interface, as shown in Figure 5.3c. The measured intensity at points B-D is
much higher than that at points A and E in the edge state frequency range of 23.4 MHz-
24.2 MHz. Note that, beyond this range, the fluorescent intensity distribution at different
points becomes complex and indicates a random behavior, due to the reflection and
refraction of SAWs within VPCs and at the domain interface. Figure 5.3d displays
simulated energy field and measured fluorescent intensity at the frequency of 23.85 MHz.
Being in good agreement with simulation, the measured intensity is well distributed along
a Z-shaped interface, in striking contrast to the rapid annihilation when the interface is
absent. These results confirm the robustness of topological edge states in liquid domain
coupled from solid state edge states and enable reversible particle manipulation localized

in one unit cell.
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5.3.4. Topological Acoustofluidic Mapping of the Anisotropic Edge
States on Lithium Niobate
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Figure 5.4: Topological acoustofluidic mapping of the anisotropic edge states on
an anisotropic lithium niobate chip. a, Schematic for the rotation angle 0 between the
domain interface and x-axis of lithium niobate chip. b and c, Plot of simulated bandwidth
of edge state bandwidth relative to 0, showing a two-mode symmetric anisotropy.
(ra/re=radius ratio of large pillar and small pillar). The largest bandwidth of 1.5 MHz
appears at 90° for 0.48/0.32. d, Simulated energy field and measured acoustofluidic
fluorescent mapping of the waveguide-ring resonator at 23.4 MHz for 0° and 90° e,
Simulated edge state lines at 0.48/0.32 with rotation angles 0° and 90°, respectively. The
red and blue stars at 23.4 MHz represent the resonance frequency of the waveguide-ring
resonator. f Measured fluorescent intensity spectra for the simulated waveguide and ring
resonator at 23.4 MHz for 02 and 90°.

In Figure 5.4a, an anisotropic edge state occurs when the topological domain

interface rotates at an angle of 0 to the x-axis of lithium niobate chip. Without anisotropic
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property of substrate, the edge state with the same lattice parameters is isotropic as a
function of rotation angle. Figures 5.4b and c show the plot of the simulated edge state
bandwidth relative to 6. With decreasing asymmetry between dissimilar pillars, the
bandwidth decreases and gives rises to the maximum value at 90° and 270¢, suggesting a
two-mode symmetric anisotropy.

Leveraging this anisotropic edge mode, we constructed a waveguide-ring
resonator, as shown in Figure 5.4d. The waveguide-ring resonator consists of two
interfaces: one straight interface for waveguide with two ports on top, and one closed
hexagonal ring on the bottom, i.e., the ring resonator. Once excited by SAWs, the valley-
momentum locking limits the pseudospin in solid-state copper pillars to the two spin-
preserving scattering channels due to the backscattering-immune transport. These two
channels include the forward channel in the straight interface and the counterclockwise
circulation channel in the hexagonal loop, respectively. At 90° there is energy and
fluorescent field in the ring resonator, but these fields are absent for 0°. This can be
understood by examining the simulated band diagram and fluorescent spectra in Figures
5.4e and f. The resonance frequency of the ring resonator is 23.4 MHz and located in the
middle of 90° waveguide spectra, while it is almost at the periphery of 0° waveguide
spectra. Our studies here clearly demonstrate the advantage of anisotropic edge state that

is readily realized from a realistic anisotropic substrate. It thus could be utilized directly
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in a broad range of topological material designs, where the anisotropy can provide a new

degree of freedom.

5.4. Conclusions

In conclusion, we have used the solid-liquid coupling between water domain and
copper phononic crystals to realize topological phenomena on microfluidic platform.
Based on this approach, we experimentally visualize the chiral vortex streaming and
backscattering-immune transport of topological edge states by tracking fluorescent
particles in water fluids. Distinct features arising from a coupled multiphysics system are
observed that are absent in single domains such as solid or air, namely the topological
pressure wells in unit cell dimension adjacent to the domain interface. Localized
reversible particle manipulation are further demonstrated by leveraging this peculiar
effect. Furthermore, we found the existence of anisotropic edge state on lithium niobate,
which provides new degrees of freedom for topological material design on realistic on-
chip substrate. The work demonstrates the feasibility of topological states sustained by a
multi-physics system and more importantly, opens the door for topological phenomena
across different physical interfaces. The work provides a new technology for visualization
and a deep understanding of topological spin textures, analogous to that in quantum
fluids. The work also bridges topological insulators to life sciences for synchronous
particle rotation, one-way particle transport, localized particle manipulation, and

biosensing.
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6. Conclusion

This dissertation presents an investigation into micro-vortex streaming in
acoustofluidic devices, from the perspectives of enhancement, suppression, and chirality.
Each opens the door for new possibilities in particle and biological sample manipulation.
However, certain challenges remain as well as numerous opportunities. In this section, I
will first summarize our contributions to the development of acoustic micro-vortex
streaming. I will then provide my perspective on the next generation of micro-vortex
streaming based acoustofludic devices and discuss future research directions for the

emerging topological acoustofluidic field.

6.1. Summary

The investigation of acoustic micro-vortex streaming in this dissertation is divided
into aspects for (1) enhancing streaming; (2) suppressing streaming; and (3) generating
chiral streaming.

Enhancement of micro-vortex streaming was studied in chapters 2 and 3. Throug
rational design and a systematic investigation of device parameters, we have
demonstrated that device operation frequency, glass thickness, and PDMS thickness play
key roles in enhancing micro-vortex streaming to improve mixing performance. With
optimal design parameters, the sharp-edge based micromixer was able to reduce mixing
time from 180 ms to 3 ms, allowing for improved throughput from 5 pL. min to 150 pL

min. This rapid and strong micro-vortex streaming enabled on-chip liquefaction of
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viscous human stool samples while maintaining the bacteria viability. Moreover, we also
demonstrated that micro-vortex streaming in microfluidic channels could also be used to
facilitate nanoparticle synthesis. We fabricated nanoparticles that are difficult to generate
in hydrodynamic methods including (1) uniform PLGA-PEG nanoparticles; (2) chitosan
nanoparticles via multiple reagents reaction; (3) PLGA-lipid core shell nanoparticles via
sequential reagent mixing.

Suppression of micro-vortex streaming in SAW devices was studied in chapter 4.
Although acoustic radiation force and acoustic streaming compete to manipulate
particles, acoustic radiation force is more predictable and is more preferred. To this end,
we developed disposable SAW devices for particle manipulation by generating SSAW to
reduce acoustic streaming and designing unidirectional transducers to enhance acoustic
radiation force. The results showed that the S21 transmission is tremendously increased
from -11.2 dBm in bidirectional transducers to -5 dBm in unidirectional transducers. By
minimizing acoustic streaming and enhancing acoustic radiation force, we showed
comparable performance for particle manipulation compared to directly bonded SAW
devices. Our disposable SAW devices were able to not only concentrate 400 nm PS
particles at pressure nodes, but also separate bacteria from human blood cells in the
absence of acoustic streaming. This work demonstrates an effective method to suppress

acoustic streaming by enhancing acoustic radiation force. Furthermore, the low-cost of the
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device could significantly expedite the transition of disposable SAW devices into point-
of-care systems.

The generation of chiral micro-vortex streaming in SAW based topological
acoustofluidic devices was studied in chapter 5. We introduced the physics of valley hall
topological insulators into microfluidics and demonstrated the two fields can contribute
to each other. Based on the numerical simulation of chiral vortex streaming in fluids, we
experimentally realized clockwise and counterclockwise micro-vortex streaming of 200
nm PS particles along the interface between two topologically inequivalent hexagonal
phononic crystals. We also demonstrated reversible particle manipulation in unit cell
structures along a topological zigzag interface. Using this reversible particle
manipulation, we further showed that the anisotropic property of lithium niobate has a
significant effect on the bandwidth of edge states. For the acoustofluidic field, topological
physics provide new possibilities for particle manipulation, such as
clockwise/counterclockwise particle rotation, back-movement immune particle transport,
and highly localized particle concentration. For topological insulator field, microfluidics
provides a visualization technology by which to characterize topological spin textures.
This work also extends topological physics from one single physical domain to two
physical domains (solid and liquid). Overall, our work at the interface of acoustofluidics

and topological physics can serve to expand both fields.
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6.2. Potential Future Work

The potential future work for acoustic micro-vortex streaming in this dissertation
is discussed in aspects for (1) numerical model for bulk acoustic wave devices, (2) studies
in topological spin textures and (3) applications of topological acoustofluidic devices.

For sharp edge based flexural acoustic wave devices, the current simulation model
uses pressure acoustics and fluid mechanics to simulate fluid mixing and micro-vortex
streaming. However, the vibration displacement of sharp edge is directly measured from
experiments, which cannot predict the influence of the significant parameters such as
substrate and PDMS microchamber thickness. Therefore, introducing solid mechanics
with band structure theory to directly predict the device performance would be extremely
meaningful both in theory and experiments.

Acoustic waves have been considered as a scalar field for the long time until the
recent demonstration of topological spin textures such as chiral vortex and skyrmion.
Limited to solid or air domain, these spin textures are difficult to observe. The emergence
of our topological acoustofluidic technology provides possibilities for visualization and
deep understanding of these spin textures by tracking the trajectories of fluorescent
particles.

The surge in physics of topological insulators have tremendously overturn the
traditional view of wave propagation. However, the real-world applications of these

concepts are limited. The convergence of these new physics concept into microfluidics for
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life sciences would provide new possibilities that cannot be achieved by traditional

microfluidic devices, such as synchronous cell rotation and one-way cell transport.
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